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Abstract

High speed, manufacturable InP DHBTs and ICs with implanted collectors

by
Navin Parthasarathy

Novel HBT technologies have been designed and developed to enable continued
scaling of InP based double heterojunction bipolar transistors(DHBTS), for their
use in high speed, low power digital logic and mixed-signal systems. Significant
reduction in parasitics have been achieved by the use of implanted subcollector and
pedestal for independent collector scaling .

The base collector capacitanCg, contributes significantly to analog bandwidth
and digital delay and must be reduced as DHBTs are scaled. Two different types
of InP double heterojunction bipolar transistors have been designed, fabricated and
charcterized employing Fe and selective Siimplants to deci@gséd he first type,
the selectively implanted subcollector DHBT, has a shallow Fe implant to compen-
sate regrowth interface charge and a Si implant to form the subcollector. This selec-
tive implant eliminates the parasitic base collector capacitance associated with the
base access pad area. These devices exhibit 361fGatm 404 GHzf,,,.... A sec-
ond device, the implanted pedestal-subcollector DHBTSs allows for further reduction

of C,. It has a thicker Fe implanted semi-insulating layer for reducgdn the ex-

vii



trinsic collector-base junction, a patterned buried subcollector formed by a deep Si
implant and an collector pedestal created by a second Siimplant. These InP pedestal
HBTs have 352 GHZ, and 403 GHzf,,.... The implanted pedestal-subcollector
DHBTs have a DC current gaifi ~ 35 andBVsgo ~ 7.8 V. In addition to the
compensation by the Fe implant of charge at the epitaxial growth interface, these
two processes provide the following enhancements: eliminatiari.pfn the base
interconnect pad area, a single MBE growth and increased wafer planarity. In this
first demonstration of these two processes, fthand f,,.... are the highest reported

for DHBTs with implanted collectors. Using these implanted collector processes,
record low power delay products have been obtained for CML dividers operating at
over 61 GHz with an operating power of less than 27mW. High speed CML stativ
frequency dividers clocking to 135 GHz have been measured. ECL dividers utilizing
implanted collectors have a self oscillation frequenc@ﬁfGHz. There is a 20
improvement in logic speed using this technology.

For high speed logic circuits, emitter resistance is an important parameter to be
reduced. Highly scaled emitter junctions with simultaneously large emitter contacts,
and thick extrinsic bases have been demonstrated with an emitter regrowth technol-
ogy. These have attained 280 GHfizIn conjunction with the implanted collector

process, these InP DHBTSs can attain a bandwidth of over 1 THz.
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Introduction

IGH performance, manufacturable transistors are required for significant im-

provements in the bandwidth, dynamic range, power consumption and inte-
gration level of mixed-signal ICs used in military radar and communications trans-
mitters. Large integration scales; 20,000 transistors, will be needed to realize
complex signal processing functions, and power per gate must be accordingly re-
duced to achieve acceptable thermal densities for reliable device operation. Future
microwave DACs and DDFS ICs will operate at 100-200 GHz clock speeds and will
contain10? - 10° transistors. This requires a breakthrough in combined IC speed
and integration scales.

Despite tremendous advancements in CMOS technology, bipolar transistors re-
main competitive owing to larger breakdown voltages obtainable and more tolerant
lithographic dimensions at a given bandwidth. SiGe and InP heterojunction transis-
tors (HBTs) are the main competing high speed IC technologies. InP heterojunction
transistors benefit from high carrier mobilities and saturated velocities and are com-
patible for integration with 1.3 - 1..xm optoelectronic components such as lasers
and photodetectors [1]. SiGe HBTs have smaller junction dimensions and smaller
extrinsic parasitics due to the maturity of the advanced silicon processes. Conse-
guently, digital circuit speed in SiGe and InP has been comparable [2], with SiGe
offering higher integration scales. Further scaling of InP HBTSs is therefore impor-
tant, and with the adoption of advanced SiGe-like fabrication processes, large poten-
tial improvements in speed and yield of InP HBTs are possible. InP HBT processes
utilizing =~ 500 nm width emitter junctionsi{,) and 500 nm width base contacts
(W3) have demonstrated 350 GHZz, 400 GHzf,,.... and 150 GHz static frequency
dividers [3, 4].

For ~ 2:1 improvement in bandwidth, the collector layer must be thinned 2:1
and the base thinne¢2:1. The operating current density must be increased 4:1
and the emitter resistance per unit emitter junction area reduced 4:1. Emitter and
collector junction widths must both decrease 4:1. If the base contacts lie above
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the active collector-base junction, the contact width and the contact resistivity must
both decrease 4:1 [5]. In addition to difficulties in reducing contact resistivity, very
narrow base contacts present challenges in process design for high yield fabrication
and present significant bulk metal resistance along the length of the contact. Further,
the parasitic base interconnect pad capacitance becomes a significant fraction of the
total in small-area HBTs used in low-power logic.

This work describes InP DHBTSs that address the above scaling issues and sug-
gests a restructuring of the IlI-V fabrication scaling process to closely follow the
Si/SiGe techniques. Fabrication steps have been developed aimed at improving the
performance and manufacturability of a submicron InP DHBT device. The device
epitaxy has been tailored to support a submicron process, with device parameters
that are optimized for high digital logic speeds and not necessarily traditional tran-
sistor figures-of-merit ., f....). Work has been presented on two unique device
topolgies.

The first topology is a selectively implanted subcollector and pedestal HBT tech-
nology. Scaling of the collector base junction is achieved by the by the use of Fe
and selective Si implants. DHBTs with implanted subcollector DHBTS are fabri-
cated where the the parasitic capacitance associated with the area of the base access
pad Ce a4, 1S €liminated. A reliable method for compensating the charge associ-
ated with the InP growth interface is also demonstrated. Further reduction in ex-
trinsic collector base capacitancg,, is achieved by the addition of a selectively
implanted pedestal in the second device topology. InP DHBTs employing a buried
N** sub-collector andV* collector pedestal formed fully by ion implantation are
demonstrated. This novel DHBT structure provides the following enhancements
over the existing pedestal InP DHBTSs [6, 7]: reduced extrilisicassociated with
the pedestal, compensation of charge at the epitaxial growth interface, elimination
of C In the base interconnect pad area, a single MBE growth and increased wafer
planarity and hence potentially improved yield in the fabrication of large circuits. In
this first demonstration of the fully implanted pedestal-subcollector DHBTsf.the
and f,,.. are a record for transistors with implanted collectors.

This thesis is logically structured to explain the steps taken towards a SiGe-like
highly scaled, manufacturable InP HBT. Chapter 2 discusses the basic theory and
design of an InP based DHBT. Scaling laws for increasing HBT and digital IC band-
width, and physical limits to scaling are presented. Chapter 3 presents the theory
of ion implantation in InP and discusses the design of Silicon (Si) and Iron (Fe)
implants in InP. The results pertaining to Si and Fe implants and high temperature
annealing of InP are presented. Chapter 4 may be considered as two parts. In
the first half, device results are presented for a DHBT with implanted subcollectors
formed by a single Si implant. The effect of growth interface charge is shownand
and an approach to eliminate this is proposed and developed. The second half, disc-

2



CHAPTER 1. INTRODUCTION

cuses the fabrication and device results of implanted subcollector DHBTs with two
ion implants are discussed. Chapter5 describes in depth the design and performance
of the implanted pedestal-subcollector DHBT. Chapter 6 summarises the research
effort and outlines directions for future work.
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InP DHBT Theory and Design

DVANCES in the design and fabrication of InP heterojunction bipolar transis-

tors have been made at UCSB since 1994. In this chapter, the InP HBT layer
structure and HBT scaling laws are presented. The transit times, resistances and ca-
pacitances are examined. The various transistor figures-of-merit are described. The
delays associated with a digital latch, regularly employed as retiming elements and
decision circuits is derived. Lastly, device modeling and scaling limits are discussed.

2.1 Emitter

T T ]
1.0F Emitter

LN DL LA L
Base Collector .

setback

[ In rich cap

0.0 F—————————~ grade
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Figure 2.1: Energy band diagram of a typical HBT with =0.9V andV, =0.2V

The band diagram of a typical NpN InP based DHBT is shown in Fig. 2.1. Un-
der normal operation, the emitter base junction is forward biased. This lowers the
emitter base potential and injects electrons into the base. As seen in Fig. 2.2, the
emitter layer stack consists of very highly dopkd,.Ga,_, As used as the contact

4
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Thickness (nm) | Semiconductor Composition | Doping (cm™?) | Description

3 Ing gsGiag 15 As = 5. 1018 Emitter cap
15 IngGay . As IERILEEN Emitter cap
20 InpssGag g7 As 310178 Emitter cap
50 [nP 310195 Emitter
10 [nP 810178 Emitter
40 InP 510178 Emitter
30 InGahs | —7-1019:C Base

15 Ing saGag g7 As 3.25. 10165 Setback
24 InGaAs / InAlAs 3.25. 10165 B-C grade
3 InP 2,75 10%:8i | Delta doping
78 InP 3.25 - 10165 Collector
3 [nP 1.5 1019:5) Sub-collector
6.5 Ing s3Gag 47As 2. 10198 Sub-collector
300 nP 2. 1018 Sub-collector

Substrate Semi-Insulating [nP

Figure 2.2: Layer structure of a typical UCSB mesa-DHBT

layer and aN~ InP emitter. The InP-InGaAs base emitter heterojunction can be
abrupt or graded. The DC current gain of a graded junction is higher than that of an
abrupt junction since the hole barrier is larger. The ratio of emitter current between
an abrupt and a graded emitter junction is

AFE.
~exp| — T

where AE, is the conduction band discontinuity between InP &ngs;Gag 47As

of the base. However grading presents many challenges and the base-emitter grade
design is not straightforward for the forward biased junction [1]. It can be argued
that for an abrupt emitter-base junction, the electrons that surmount the barrier are
injected with a substantial kinetic energy roughtly equahts,. This kinetic energy
corresponds to a high velocity which influences the base and collector transit times
[2]. Besides the choice between a graded and abrupt base-emitter heterojunction,
the 3 parameters about the emitter design are the InP emitter layer thickhgks (
doping level (Vi) and the choice of emitter capXz and Ny influence the base-

IE,abrupt

(2.1.1)

IE,g?"aded



CHAPTER 2. INP DHBT THEORY AND DESIGN

emitter junction capacitancé:;. per unit area is given by

Cje = ;"P ~ Do 2.1.2)
dep, E \/ﬁ(ébBE — ViE)
Cje is not purely a depletion capacitance and makkg, » (or Xz) large fails in
the limit of large depletion thicknesses. The emitter base junction capacitgnce
can also be given by,

EInPLeVVe

Cie = Cje1 + Clea =
j j j Xop

-+ KJXdep,ETbIc (213)
whereT;, is the base thickness ards a constant. If the current density is increased,
while maintaining constanX,, 5, the stored mobile electron charge is increased. It
can be shown that the ideality factors,

1O(AE )

PR (2.1.4)

n=1+
whereAEy, ., is the change in quasi-Fermi energy due to recombination at the base-
edge of the emitter. To maintain a high current density without significant voltage
drop in the base-emitter depletion region, a high electron density is to be maintained.
However, to obtain obtain a low ideality factor, the electron concentration in the
depletion region must be kept high while keeping the thickness of the depletion
region small. The emitter charging time = (k7"/nql.) - C}. is one of the major
delay components determinirfg and maximum digital logic speed [3].

The delay termi., C,, is a major limit to HBT scaling andz., degrades the
digital noise margin. The emitter layer structure consists of a heavily doped and
narrow bandgap contact layer (cap), a highly doped" wide bandgap emitter and
a low dopedV~— emitter of thickness{z and dopingVg. If the heterointerfaces are
designed properly to avoid conduction band barriers between layers, and if the thick-
nesses of thé/** layers are not significantly larger thaxy;, the parasitic emitter
resistance is determined mostly by the contact resistance between the metal and the
semiconductor and the resistance in the undepleted portion @f themitter. The
emitter resistance for a standard mesa DHBT is then given by

Pe,e
Rey >~ : 2.1.5
Le”ec ( )

wherep.. is the emitter specific contact resistivity apg ,is the bulk resistivity
of the N~ emitter layer and the other dimensions are as shown in Fg. For
submicron junctions, the junction widtlV,; is smaller than the contact width due

6
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to the lateral undercutting during the wet etching of the emitter. Surface depletion
of the N~ layer further reduces the width of the electrically active junction. An
undoped emitter is reported [4] to provide a highferat a given current density,.
However, low doping leads to higher emitter charging times at high current densities.

2.1.1 Emitter Resistance

The emitter resistance is primarily determined by the ohmic contact resistance
pe- The ohmic resistivity.. is,

Op

1
2

Pe X €XPp (2.1.5)

The resistivity is proportional to the barrier heigh; and the doping of the emit-

ter cap [5]. The resistivity can be reduced by using a highly doped, low bandgap
semiconductor as the emitter cap. For the DHBTSs described here, the emitter cap
is Ing g5Gag.15As which has a lower band gap thaéim 53Gag 47As. These are doped

at over 3<10 cm=3. The maximum doping is limited by the solid solubility of

Si dopants inlng g5Gag.15As. The thickness of the emitter cap is 40 nm. This is
limited by the Matthews-Blakeslee critical limit for strainéd, s5sGag.15As growth.
Furthermore, the cap is kept thin to prevent excessive undercut of theGna,As

layers during the emitter wet etch.

2.2 Base

The base-emitter turn on voltage is approximately the built in potential and for
the abrupt emitter-base junction used in the designs in this thesis is given by,

Egb + AEC - ¢;D B ¢n
q

Pvi = (2.2.0)

Eg, is the bandgap of of the base layer. Ignoring high doping effe¢is ~ 0.76

eV for Ing 53Gaga7As, AE, is the conduction band offset to InP 0.26 eV.¢, is

the hole quasi Fermi level in the base with respect to the valence bang,anthe
electron quasi Fermi level in the emitter with respect to the conduction band. For
non-degenerately doped semiconductors, these electron and hole quasi Fermi levels
are described by,

¢n = E.— Eyy, (2.2.1)
¢p = Epp — Ey (2.2.2)

7
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The p™ Ing53Gag47As base is usually between 20-100nm and doped well over
10"%cm~3. The electron and hole currents in the base are,

d

d
Jp = :“p%@sp (2.2.4)

The hole current should be very small 0 in a well designed bipolar transistor.
The following generalized Moll-Ross current relation for a bipolar transistor with a
non-uniform base is derived by Kroemer [6] as
q-eap(d)
fbase [p/Dn ' nzzb] dx

Here,D,, is the electron diffusivity in the base amg, is the intrinsic carrier concen-
tration in the base.

The time it takes for an electron entering from the emitter to traverse across the
base is the base transit time and can be expressed as,

In =

(2.2.4)

_ Qs _ Jy'an(@)de (2.2.4)

e T

whereT, is the base thickness. When the electron transport is purely diffusive, the
transit time is classically given by,

_ T
- 2D,

Th (224)

This transit time calculation assumes uniform composition and doping in the base.
To reducer,, an electric field can be established in the base to so that electron trans-
port is aided by the drift field [7]. If the grading of the base conduction band is
linear, Equ. 2.2 is rewritten as,

_ Iy [ kT
=D\ AE

whereAF is the potential due to grading across the base. The grading may be done
compositionally to vary the base bandgap or by varying the base doping. The HBTs
presented in this work employ a doping grade producing/a~ 50 meV. This in

turn reduces;, by ~ 50% compared to an ungraded base. For transistors with very

- AE

w1 <1 — exp‘AE/kT)] (2.2.4)
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thin bases operating at high current densities, Shockley’s boundary conditions cases

to be valid
= b= 1——(1— / ) L (1— / )
7o Dn (AE> AFE P * Vexit AFE P

(2.2.4)
The T, /v..+ contribution is usually ignored by assuming that the electron concen-
tration at the collector side of the base is zero. For a thin base this assumption is not
valid and the correction term accounts for the finite electron concentration that exits
the base. For bases thicker than 20nm, the base transititimd}?, while for bases
thinner than 20nm, the base transit time~ T},.

The base current components in a well designed HBT consists of bulk recom-
bination current, surface recombination current, emitter-base space charge recom-
bination current. These components need to be minimised to increase the current
gain of the transistor. The surface recombination current is directly proportional to
the emitter periphery. Unlike the GaAs surface, the feg;Gag 47As has a much
lower surface recombination velocity ef 1 x 103cm/s. Further, BCB is used for
device passivation and reduces the surface leakage current, compared to polyimide
or SiyN, [8]. The base current is dominated by Auger recombination in the bulk.
The Auger recombination rate is given as

Us=C(n+p)(np—n?) ~(CN3) An = An (2.2.4)

where C is the Auger recombination co-efficient akd is the excess electron con-
centration in the base and is called the recombination lifetime and is a material
parameter. The current gain can now be expressed as

g=1I (2.2.4)

Tr

The current gain is thus inversely proportional to the base thickness and the base
doping. Reducing the base thickness and base doping however increases the base
resistance and impacts thig,,. of the bipolar transistor. The base resistance for a
two sided base contact is given by,

Rbb - Rbb,contact + Rbb,gap + Rbb,s;m"ead (225)
(S Rs W
Rbb,contact - p2L nb coth Lf WheresLT =\ pc/Rsh,b
E
Wgap WE
ap — 1Lls andR spread — Rs Tar
vag P R h,b 2LE b, D d h,b 12LE
1 R; W, We
Rbb = 5 Lh7b Lt COth L—b -+ Wgap -+ F (224)
e t
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wherep, (2 - um?) and Ry, (©2/0) are the specific contact resistivity and sheet
resistance of the base, ang is called the ohmic transfer length. The base contact
resistance isx Lr. Therefore, scaling down the base-collector junction laterally
increases the base resistance exponentially as seen in Eqn. 2.2.4. The base resis-
tance is usually higher than the emitter and collector resistances due to the heavier
effective mass and lower mobility of the hole.

When current is flowing through the device, an important reduction of extracted
value of Ry, is observed as seen on Fig. 2.10RP. This decrease aR;, is due
to decrease in B,-cqqd, attributed to electron injection in intrinsic basy.[ If av-
erage electron velocity in the is abouk 80" cm/s, an emitter current density of 2
mA/pm? induces an electron concentration of #'¢ p.. This modifies the resis-
tivity in the intrinsic base, due to the high electron mobilityih®™ Ing 53Gag47As
of ~ 3000cm?/V - s, compared to the hole mobility a¢ 40 cm?/V - s.

2.3 Collector

The collector design is critical to the performance of high speed transistors.
There are breakdown advantages when the collector layer is made of a widegap
material. In InP/InGaAs DHBTSs, there is a discontinuity in the conduction band
between thdn, 53Gag47As base and the InP collector layers. In order to prevent
blocking of current, this discontinuity is removed by grading the energy gap from
the base to the collector. The collector layer is thus a composite structure consisting
of alng 53Gag.47As setback, dng 53Gag 47As- INP grade and wide bandgap InP col-
lector as seen in the energy band diagram in #®&).The base-collector grading can
be accomplished in one of two ways

e In,_,Ga,As,P,_,quarternary lattice matched to InP. By varying the ratio of
the Group V element (As, P), from y=% y=0, the energy band is progres-
sively graded froming 535Gag 47As to InP [9]. This is particularly convenient
for MOCVD growth.

e InGaAs/InAlAs super-lattice grade with intermediate effective bandgap [10].
A chirped superlattice afng 53Gag.47As andIng 52 Alg 4gAs is form results in
delocalised electron states resulting in an effective bandgap. The periodicity
has to be kept small, compared to the electron wavelength, to prevent electron
reflection. In all the designs described in this thesis, the super lattice period is
1.5nm.

The electric field due to the grade, given By, /T},.q., Opposes the built-in field.
Two ¢ doping layers at the end of the grading len@h..., acceptor at the base end

10
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and donor at the collector end forms a dipole that cancels out the electrostatic field
due to the grade [11]. The sheet charge density of this doping layer is given by
oerAE,

NsTs g% - Tyrade (2.3.0)
whereN; andT; are the doping concentration and thickness ofitlager. A setback
layer of N-typelng 53Gag 47As is usually inserted between the base and the grade.
This layer serves to ensure that have electrons have sufficient kinetic energy before
entering the grade [10]. The potential drop in the setback la¥@t,;;..., can be a
significant fraction ofp,; which could result in lower breakdown. A rule of thumb is
to design the setback such thab ... = AFE.. The rest of the collector consists
of wide bandgap InP. The doping in the collector is chosen so that the collector is
fully depleted at zero bias. To ensure full depletion in the collector at zero bias,

(Tsetback + T‘grade)2 + qNéTé(Tsetback + Tgrade) + chsznp . TgradeAEc
2e,€, Eor 2€,&r

Ovi > ane

(612.3.0)
where Teipack, Trade @NdTr,p are the thicknesses of the setback, grade and InP
layers respectively.N. is the doping of the collector. From this expression the
maximum allowable collector doping to ensure full collector depletion is,

Ne

1 |2e.e,
|i (¢bz - Astetback - A¢grade)

,max T[znp
whereAeipacr aNdAd,,q4. are the potential drops in the setback and grade layers.

The potential dipole reduces the maximum collector doping significantly.
The transit time for an electron to through the collector is given by

T
c1—a/T., T.
T, = / 7x/ dr =
o v(r) 20epf

wherer, is the collector transit timey(z) andv.;, are the position-dependent and
effective electron velocities in the collector drift region.

The subcollector layer is 300 nm of Si dopad * InP. The subcollector is de-
signed to reduce the collector resistance. The expression for collector resistance of
a standard mesa DHBT, for a two sided collector contact is,

Rc = Rc,contact + Rc,gap + Rc,s;m"ead (230)
1 Rsh,s ch
R. = 5 L. Ly + Wc,gap + T

11
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wherep, (2 - um?) and Ry, s (©2/0) are the specific contact resistivity and sheet
resistance of the sub-collectd¥; is the width of the collector mesdV. ,,, is the
spacing between the collector mesa and contacts the emitter junction length,
andL, is the ohmic transfer length equal {8p./ps. Rgap aNd R sprcqa are reduced

by decreasing the sheet resistance of the subcollector which can be expressed as

1

Rsh,s - fin - NSC ] TSC (230)
whereTy. is the thickness of the subcollector laygy, is the mobility of the major-
ity electrons, inN** InP, u,, o« N~%2[12]. Siis an amphoteric dopant in InP and
above certain doping levels¢ 4E19 cnv?) starts to self compensate. The doping
is chosen to obtain the lowest possible resistivity inAfiet layer. From the above
expression, increasing the the subcollector thickness reduces the sheet resistance but
this7..' decrease is insignificant beyord0.5 um. There is a practical concern for
thick subcollectors in a standard triple mesa DHBT where device isolation is done
by etching through the subcollector to the substrate. A thick subcollector thus re-
sults in a highly non-planar device which can compromise yield. A major portion
of this thesis addresses these issues through the use of implanted subcollectors de-
scribed in Chapte??. To reduce the contact resistance, a thin layer of highly doped
Ing 53Gag47As is used as the contact layer in standard triple mesa DHBTs [13].
Ternary materials have poor thermal conductivity (0.05 W/cm-KlIfgrssGag 47As
vs. 0.88 W/cm-K for InP) due to phonon Rayleigh scattering from the alloy disorder.
This layer is kept thin to minimise the thermal resistance [14]. As will be described
in detail in Chaptef?, in the implanted DHBTSs this InGaAs layer is undoped and
designed to be 3.5 nm and is used as an etch-stop layer. The collector contact in
these DHBTs is made ty " InP.

2.3.1 Base-collector depletion capacitancé;,,

The depleted space charge in the collector can be modeled as a parallel plate
capacitance [15]. The collector is designed to be fully depleted at zero bias. This
ensures a minmal variance in collector base capacitance as increased reverse bias is
applied. For the mesa HBT structure shown in Fig. 2.3, the four components of the
collector-base capacitance are,

ch - ch,em + ch,gap + ch,i + ch,pad (230)
6067"[/eI/Vb 6057"LeVV a, 6067"LeVVe 6067«/1 ad
Ccem:27 Cc a:279107 cbi — T o Cc a:27p
b7 TC Y b79 4 TC b7 TC b7p d TC

12



CHAPTER 2. INP DHBT THEORY AND DESIGN

Collector Emi

contact\ __-mitter
Base Base
access f contact
pad

Figure 2.3: Top view of the mesa HBT showing the metal contacts

, WherelV, is the width of the base metal-semiconductor juncti@n,,,, is the
spacing between the base contact and emitter mesalarahd L. are the width

and length of the emitter junctiom,,, is the base access pad as seen in Fig. 2.3. A
major portion of this thesis concerns the reduction of the collector-base capacitance.
The collector base capacitance can be modeled as

aC)base
b = — 2.3.0
Cep o, (2.3.0)
But the transit timer,
TE=ETo T = ag;““" (2.3.0)
Therefore from Eqns. 2.3.1 and 2.3.1,
8001, an
= — 2.3.
ol. oV (2.3.0)

If aaTbe > 0, then% < 0. This is called collector velocity modulation.

2.4 Figures of merit

Various figures of merit are used to describe the transistor.
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2.4.1 Current-gain cutoff frequency f,

The current gain cut-off frequency for a bipolar transistor is given by [16],

1 nkT
= Tc chb * Rem Rc
o f Te + 75+ Cop - ( + )+qu

wherer. andr, are the collector and base transit time€', andC';. are the depletion
capacitances for the collector and emittgg, and R, are the series resistances of

the collector and emitter, angyx7"/qI.)~" is the transconductance of the HBT. For

a typical mesa DHBT with 120nm collector, 30nm base, emitter junction =>0.65

4.3 um?, pec = per=10Q - ym?, base mesa width =183m, 7. = 0.188ps, 7, =

0.104ps, Coy - (Rex + Re) = 0.044ps, E(Cuy + Cje) = 0.030ps. The collector and

base transit delay are seen to be dominant for the HBT described. As the devices
are scaled vertically, these delays decrease. However the time constants associated
with charging the base-collector capacitance starts to dominate. Thus reduction of
base-collector capacitance gains significance as devices are scaled.

(Cep + Cje) (2.4.0)

2.4.2 Power-gain cutoff frequencyf, ..

The HBT maximum oscillation (unity power-gain) frequency is,

_ ks
fmaz - \/87T(Rbbccb)eff (240)

dependent upon the HBJT. and a time constarR,,C. ). s that includes the effects

of the distributed base-collector network [17]. Each componert' gfis charged
through a certain portion of the base resistaRge Utilizing the definitions forC,

and Ry, from Equ. 2.3.1 and 2.2.4 and assuming little undercut of the base-collector
mesa,

(Rbbccb)eff ~ ch,inb+ch,gap(Rb,cont +Rb,gap/2) +ch,emRb,cont,0 +Cpade,cont,pad
(2.4.0)
where the collector-base capacitance underneath the emitter Stipes charged
through the entire base resistance, and the gap capacttangg between the emit-
ter mesa and base contact is charged througih.(: + Rpgap/2). The extrinsic
collector-base capacitancg, ., underneath the base contact is charged by currents
traversing vertically through the contact above it, having a resistéticg,. o =
p./L.-W,. The pad capacitance is charged by the vertical contact resistance asso-
ciated with the base access p&tl,.ont pua = pc/Apaa). FOr the sake of simplicity,
Eqn. 2.4.2 forf,... ignores the effect of the collector and emitter series resistances
sinceRy, is usually much larger thaR. andR.,.. Power is dissipated in these resis-
tances and their effect must be included especially if these resistancesigage
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2.4.3 Maximum current density J;,x

As the collector current density is varied, the injected electrons screen the back-
ground doping and modify the electric field profile in the collector. To account for
this injected charge, Poisson equation can be written,

d2_¢_dE_ 1 J(x)

Cda? dr ek, {qNC - @} (240

wheree, ¢, is the dielectric constanty, the collector doping,/(x) the collector

current density, and(z) the electron velocity in the collector. Integrating Equ. 2.4.3
to solve for the electric field E(x),

E(x) = L / qN. — M dx (2.4.0)
£or Jo v(x)
Assuming./(x) anduv(x) to be constant and integrating the electric field over the
collector to obtain the potential,
2

T Je

Gvi + Vo > = {CJNC - } (2.4.0)
2 ocr Vef f

At a certain current density (injected electrons) at the base-side of the collector,

E(0) = 0 at the edge of the base-collector junction. This is often referred to as the

Kirk threshold current density

Jkirk = Jmaz = 260;#(@5& + Vi) + qNeveyy (2.4.0)
wherel, ; is the intrinsic voltage across the base collector junction; = Ve apprica—
I.- (R.+ R..). At higherJ. > J,... the position of the zero electric field pushes
further into the collector. This causes the conduction and valence bands progres-
sively flatten within the collector to a distan@g, 0 < = < T3, E(z) = 0, so that
the potential barrier for holes is zero. This causes the base to pesbed ouand
hence the base transit timgand collector-base capacitan€g, increase. This is
the classical definition of the Kirk effect [18]. As seen from Eqf8.,higher HBT
bandwidths are achieved at high current densitids,;;, should be increased at a
given collector thickness. From Eqn. 2.4.0, this can be done by increasing,the
and/or increasing the collector dopiny.. When designing an HBT for use in a
digital circuit, two bias conditions need to be consideréd: = 0, J. = J,,.. and
J. = 0. To maximizeJ., the collector doping should be designed as large as possi-
ble while fully depleting the collector at zero bias. From Egn. 2.4.3 this is satisfied
when,

2€0€r¢bi

Nc max —
’ q1?

(2.4.0)
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and Eqgn. 2.4.0 can be rewritten as

4de £V,
= g (On+ Vi) (24.0)

Jma:r

If the transistor is operating ak.;,., the parasitic voltage drops across the collector
and emitter resistances can greatly reduce the intrinsic collector-base valtage.
can be written as,

4de £V,
JKirk = Tﬁ(%z + Vebapplied — Le(Re + Rez))
4 ocrle % V;, applie
Ticiny = —2t O+ Vel — (2.4.0)
TC 1+AE (R0+R6I) Ojtzeff

At the doping given by Eqgn. 2.4.3,,.... IS 2x higher compared to a collector that

'2III|III|III|III|III|III|III|III

0 20 40 60 80 100 120 140 160
distance (hm)

Figure 2.4: Band diagram at J=@,,.,, and 1.%,,, for V;, =0

is undoped, greatly influencing logic speed through the use of smaller devices at a
given operating current.. A band-diagram for the base-collector junction is shown

in Fig. 2.4 forJ. = 0, Jnae, and1.5 J,,., atVy = 0. This clearly shows the base
pushout regime. Beyond the maximum operating current density, the current gain
falls andf. and f,,., decrease.
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2.5 Device modeling

I I I O R R A
[TTITTTTTTTTTT ~ 77

A |bs $f\G subcollector contact
M AR resistance

Figure 2.5: Mesa HBT showing distributed device resistances and capacitances

This section describes the small signal modeling schemes used to characterize
InP HBTs from UCSB. It makes use of the measured S-parameters of the HBT in
order to extract their electron transit time, resistances, and capacitances to create a
hybrid-r equivalent circuit. It is an accurate, simplified, non-scaleable representa-
tion of an HBT compared to the true distributed natureRdsf elements within the
device. A SPICE model which is scaleable and physically based and includes bias
and frequency dependence is used for circuit design and simulations. Fig. 2.6 shows
the T-model equivalent circuit for an HBT. The T-model is physically derived and is
intuitive.

1 o SIN(2wT,)

JWTe

a(w) ~ (2.5.0)

~ o 14 jwmn 2wWT,
whereqy is the DC common base current gain. The T-model while physically based
is difficult to work with except for analyzing common base stages. Through a series
of transformations detailed in [19], the T-model can be simplified into a hybrid-pi
model which is shown in Fig. 2.7. The hybrid-pi model shows that the base emitter
capacitance consists of the junction capacitance and a diffusion capacitance. This
diffusion capacitance(’y; ¢ is an equivalent capacitance derived from the T-model
asCqirr = gmTs Wherery = 7, + 7. is the total transit time through the base and the
collector. The resistanck,. across the base emitter junction is also derived from
the T-model and is given a3, = 5/gm-
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Cebx Cepi
—
A Ry
Rob (o)
B W\ : @ *C
Cje,dep;: e \_/be Ree
re=1'/grn
Rex
E

Figure 2.6: T-model equivalent circuit of an HBT

The various capacitances and resistances are extracted from RF (and DC) mea-
surements.

The device transconductangg is given by,

gm(w) = 51{{; exp IS (2.5.0)

wheren is the ideality factor of the collector current, extracted from the gummels
as explained below. A non-unity ideality factor can arise when the current-voltage
relations deviate from the elementary diode current formulation. This happens due
to recombination currents, and thermionic emission over the heterobarrier at the base
emitter interface.

The transistor Y parameters are obtained from the 2-port S parameter measure-
ment of the device. At low frequencies,

Re(Yo1) ™' = Rex + — + (2.5.0)

Re(Yy;)~tis plotted for various bias currents.= 01./01, is determined from the
low frequency value ofi;;. The intercept at /I, = 0 givesR.. + Ry,/ 3 while n
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Ce + Caitr

Emitter

Figure 2.7: Hybrid-pi equivalent circuit HBT model

can be determined from the slope. The collector-base conductdiitg and total
collector-base capacitancg, aree determined from the real and imaginary parts of
Y7, at low frequencies,

1
Yiz = (R + wz(cbe + ch,i)ccb,inb) + jw(ccb,i + ch,em) (250)
cb

This method involves RF measurements of transistors and is accurate but time con-
suming. An extraction from DC measurements is developed in this thesis. This
involves extraction from Gummel plots, which are logarithmic plotsgfand Iz

vs. Vgg. The collector current can be expressed as,

oVpE.;
Ie :Icoeﬁ[VBE,i—(T—TA) 57 (2.5.0)

whereT'4 is the ambient temperature 300K andVz g ; is the intrinsic base emitter
voltage given by
Ve = Ve — Ic - (Rez + R/ ) (2.5.0)

whereVgg is always the measured base emitter voltage. The effect of the emitter
and base resistances are seen as deviations from the exponential dependence in the
gummel plot (see Fig??). In a linear plot, the resistances cause a leanover in the

19



CHAPTER 2. INP DHBT THEORY AND DESIGN

currentin the diode |-V characteristics. The chang&in as a result of temperature
change in the device is given by,

M@Ez—@m-%%E.Q-M@E (2.5.0)

where, ©,,, is the thermal resistance usually expresseeikiimW. The effect of

100 10°
1010°
110°
< 10010°

m
— 1010°
(@]

110°
100 10°
1010°
110°

0

Figure 2.8: Effect of device heating, witly 5, in the gummel plot

temperature ofv,. is particularly large at high current densities and can be seen in
the as measured gummel curves in Fig. 2.8. The device heating is due to increasing
reverse collector base biases and therefgren the gummels is dependent on the
value ofVg. In a well designed DHBT ,where the early voltages are very high (
1500V), I should not have any 5 dependence in the active region of operation
(the effect of collector resistance is ignored and will be revisited in Ch&igr
In order to accurately extradk., from the Gummels, this thermal dependence of
Vi i has to be removed, and it is then named/gg! < ™!, I vs Vjisgthermal should
therefore have no dependencelgn;. A method(unpublished) to extract isothermal
gummels is suggested.

From Eqn. 2.5, the isothermal base emitter voltage is written as,

OVeE

isothermal
stot — VBE _ @th 5
BE aT

o Ve (2.5.0)
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The detailed derivation is skipped budg2!< ™! can be expressed in terms\ifs
andVpg as,

Visothev"mal — VBE o VCB
BE 1—|—AVBE/AVCB 1—|—AV03/AVBE

(2.5.0)

This suggests thakVzr/AVep should be calculated at ea¢h. However, in the
Gummels measurement procedufg,is measured at various applied base emitter
voltagesViz . An approximate value oAV i /AVep could be used for different
ranges of/~ but due to this quantization error, kinks are seen in the resulting isother-
mal gummel curves. A simple mathematical analysis is shown below.

I ~ Ic(Vee, Ves)
dI- = 0 since

dVsE . .
; BE is needed at constaf. This leads to
CB
dlc
dVee _ dVes ‘VBE
- dlc
dVen AVsr }VCB

(2.5.-3)

This approximates to a linear interpolation for small, discrete valueSigfy and
AVep. Viggthermal js thus calculated by using small values ¥z and AVep.
Fig. 2.9 shows the isothermal gummels and as expedtedioes not depend on
Vep. From the isothermal plotk.,. + R/ is extracted as shown in Fig. 2.95
is the current gain of the device known from the gummel curves. Usgakyarge
enough that the contribution @t,,/5 is neglected. The resistance seen in the emitter
is thus plotted in Fig. 2.10.

Furthermore this method is also an extraction procedure for the thermal resis-
tance of the device),;,. which is seen from Eqgn. 2.5 to be

e o 6Vor

Ou = (2.5.-3)

where¢p = 22E js called the thermal-electrical feedback coefficient, expressed

aT
in mV/°K. Itis a property of the transistor and is approximately a constant (
2mV/°K forInPDHBT's.

The total delayr,., that electrons experience through the HBT is,

1 nkT
= Tc ch * Rem Rc
o f Tet+ 7+ Cop - ( + )—l—qu

(Cop + Cy) (2.5.-3)
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Figure 2.9: Isothermal gummel plot and effect of emitter and base resistances

f- is extracted fromh,; at different bias currents and,,, R..., andg,, have already
been determinedﬁ is plotted for the various bias currents at whi¢his mea-
sured. The slope giveS;. sinceCy, is already obtained from 2.5, is known
from 2.5. with knowledge ofz., 7; = 7. + 7, and hence&’;¢; can be determined
fromthel/I. = Ointercept.R. is usually calculated for the HBT geometry knowing
the values, from TLM measurements, of contact resistivitand sheet resistance
R,,. This not accurate especially whét) is dominated by other than the contact
resistance. An alternate method is explored in this thesis using thé-BC: g
characteristics. From the Ebers-Moll model for a bipolar transi$ter, is given by

KT 1+ (1—a)

VCE = —un - T
q Oé7«(1 o IB%F)

+ IC(Rem + Rc) + IB : Rem (25_3)

wherefr is the forward current gain and, = 5?_;1 as defined in the Ebers-Moll
equations [20]. If3= I/ is kept constant for various values &f, term 1 in Eqn.
2.5 is constant. From the-Vg characteristicsyox is plotted vs. I, keepings

a constant. The slope of this curve gives+ R., + R../3. R.. has already been
determined from R&(;;) and from the gummel extraction procedure describRd.
can now be extracted. The variationlgfz with current is plotted for several values
of 5. This method extract®. from the saturation regime of transistor operation
wherel: increases withVo. This is far from the usual operation of the transistor.

The base resistance is determined by comparing the real pgit of the measured
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Figure 2.10: Extracted emitter and base resistance

HBT data to the equivalent circuit from the following relation,

Re(Y11) =~ + w?(Cje + Cuairs)? - Rup (2.5.-3)

Rbe

Through the hybrids model, Ry, is adjusted to make the quadratic frequency depen-
dence ofRe(Y71) match the measured trend.Once determidggl, 5 is known.Cly, ;
is similarly determined fromReYi, in Eqn. 2.5. Mason’s unilateral gain U is only
influenced byC,, ;. By simultaneously monitoringe(Y12) and U,C,; is adjusted
while keeping the total’, constant to match the measured data.

Analysis of the hybrids network gives/m(Y1,) =wC. From the S-parameters
measuredY?, can be extracted. This is used to extract the t0tal From the C-V
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data at/. = 0 mA, the doping density can be derived as follows.

Q.
b= ——— 2.5.-2
Cep " (2.5.-2)
dQ. = qN(xq)dz
In general, the doping density can be expressed as,

Cdx CdC dx

N(zg) = — 2% _ 2@ % 25.
(2a) qdV q dV dC (2.5-3)
dC.y/dViy 2 v
N — - .
(va) =~ c5es, = " qedr d(1jcE)

The depletion region edge is given by

€A,
ch

Tqg = (25-4)

. Therefore, the doping density can be plotted as a function of depletion distance in
the collector. This neglects the effect of Deby length on the doping profile extracted
[21]. Fig. 2.11 shows on a Smith chart measured HBT S-parameters and those of its
equivalent circuit. Thef, and f,,.. of the hybrids equivalent circuit is consistent

with the value extrapolated for the HBT.

2.6 HBT delays within digital ICs

The HBT figures-of-meritf. and f,,.. describe the maximum bandwidth for
a single device. They are of limited value in predicting digital logic speed. An
standard benchmark for digital logic figure-of-merit, for a device technology, is the
bandwidth of a static frequency divider shown in Fig. 2.12. It is a master-slave (M-
S) flip-flop consisting of two series connected latches that are clocked out of phase
180 so that the input is transparent at the output only at the falling edge of the clock.
As shown in the timing diagram in Fig. 2.12, whéhis connected to D, the output
= ferx /2. MS latches are utilized as retiming elements for data synchronization
and their maximum toggle rate often limits circuit bandwidth. For this reason, static
dividers are a more realistic benchmark circuit in comparison to the narrow-band
operation of dynamic frequency dividers and ring oscillators.

The propagation delay through the latch is dependent upon the combined charg-
ing times of the capacitances in the signal path. By modeling the latch as an n-
port linear network having no inductors, the method of open circuit time constants
(MOTC) can be used to evaluate the time constants associated with the:paes
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Figure 2.11: Measured (solid line) and simulated S-parameters (data points) of the
HBT and the extracted hybrid-equivalent circuit

the system. The transfer function for such a network is given by,

‘/;ut
Vi

(2.6.0)

1+ b1s + bas® + -+ - bps™
= Av,midband

1+a1s+azs? +---a,s”

In order to utilize MOTC, the passive and active components of the network must
behave linearly. Each arm of the differential pair (sdy and @),) in Fig. 2.13,
conduct current in alternate clock cycles. Thus the small signal valugsafdC';.
are no longer valid. To satisfy this requirement, the HBT transconductanead
diffusion capacitanc€’y;;; of those devices operating as part of a differential pair
(where the voltage swing across the base emitter junctien i&Vi,g. >> kT'/q)
are modified,

AL, 1

m, large—signal — N ~, 2.6.1
¢ larg gnat A%e RLoad ( 0 )
C1dz'ff, large—signal — GmTf (262)

1 V2
Ctje7 large—signal — Vi — 1, /V Cje(v) av (263)
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Master latch Slave latch Master slave flip-flop
=D Q D Qp —D Q}=—
- - —> C

S NN N =—

fak |C =

QN - -  Q

L . DFF configured as a
Timing diagram static divide-by-two

Figure 2.12: Static frequency divider and its timing diagram

Large signal operation greatly redu€g, andCy;¢s by ~ 1:10. The depletion ca-
pacitanceC,,, is not altered and the charging (and discharging) of this capacitance
constitutes a major delay in a digital circuit. From the method of time constapts [

aq iS,

ap = R(l]101 + RSQCQ + Rggcg + - Rngn (263)

whereR?, is the effective resistance across the terminal€gf with other capac-
itances treated as open (for example, see [22]). The propagation delay is typically
defined as the time required to effect a change in the output node when the input
is toggled. Assumingl — exp(—t/7)) charging behavior],,., = a; In(2). How-

ever, to the level of accuracy of the assumptions used in the andlysjs= a:/2.

Fig. 2.13 shows the significant resistive and capacitive delay elements in the signal
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Figure 2.13: Delay path of a CML static frequncy divider during clock transition

path of a two level CML flip-flop. The propagation delay is simplified to
2Tprop = N(AWOgic/Io)ch + Rbchbi3

+ [2(Rexs + 1/gm3) + (AViegic/15)|Copa + 2Cepia Ripa

+ (Cjea + Io7/AVipgic)(Repa + Rews + 1/gm3)

+ [Cje2 + Cjer + (Ion/AVlogic)](AVlogic/Io)

+ (N + 1)(AViegic/Io)Cer + Rip1 Cevin (2.6.0)

where the devices are operating in the following mod@s: emitter-follower, Q,
common-emitter(); common-base, an@- cut-off. N denotes the fan-out of iden-
tically connected gates in a larger circuit. As seen from Eqn. 2.6.0, the base and
collector transit times play a relatively minor role in logic speed, in comparison to
their strong contributions tg,. The most significant delays in the latch are from
charging the depletion capacitances over the logic switg, + Cu,) AViggic/ Lo,
whereAVi.i./I, = Rr. This can be expressed in terms of the current density and
transistor sizes as

AVvo ic $ AVvo ic $ A AVvo ic

logie _ i, Ztlegie g 20 2 llogie
Je * Ae Je AE Je
To minimize these capacitive delays, small devices should be used operating a cur-
rent density.J. close to.Jk;+ and the collector to the emitter area ratidia(/Ax)

(Cje + Ca) (2.6.0)
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must be made small which is the objective of this dissertation. From the above ex-
pression 3.3¢,;, /1. expressed in ps/V is an important metric to be considered while
comparing digital circuits in various technologies.

AVi,gic is dependent on the input noise margin which is influence&hy It is
not evident from the gate delay expression, But has a large indirect effect on the
maximum toggle rate. For the differential pair in Fig. 2.14, the differential switching
current is described by,

h Q(Vi - ‘/2) - Iel - Ie2
2T 2

Icl - Icg = Io tan . Rem (260)

With R, ~ 0, the currentis completely switched when-V, = 6k7'/q. As R, in-
creases, at a fixed currefyt increasing input voltage is needed to completely switch
the differential pair. When the voltage drop acrdgs is 6k7'/q, more thanl0kT'/q
potential difference is needed to switch the currents. If we assume an HBT junc-
tion temperature rise of 60°C when these devices operate in a larger circuit, the
potential difference required to switch only the base-emitter junction Z)0 mV.
Typically, Vi — Vo = AV = 300 mV for ECL and CML based latches. Thus the
digital noise margin isv 100 mV~ 4kT/q.
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Figure 2.14: Current flow of a differential pair in the presence of emitter resistance —
I,R.. = 0,2kT/q,4kT/q, and6kT/q. Vi — V4 is normalized tokT'/q.
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2.7 HBT scaling principles

The previous sections reviewed the relevant HBT transit @6ddelays asso-
ciated with discrete device performance and those of a digital latch. In order to
improve HBT as well as analog and digital IC speed, all significant capacitances
and transit times must be simultaneously reduced. This is summarised as the scaling
laws for a HBT [3].

As seen in the earlier sectiong, is dominated byr; while increasing current
density decreases digital delay.7lf andT; are decreased byand maintaining all
device dimensions constant,

e |

T | 72

Jrirk T

ch T 7
Rbb T ~ Y (27-3)

If the collector junction areas are also reduced by?.C,;, will also decrease by
~. To reduceRy, the base contact resistivity would have to be decreased Y.
If the base ohmic contacts lie above the collector-base junction, their width must be
reduced 1y to obtain the requisite reduction (t}.;; this necessitates a further reduc-
tion in the base contact resistivity,,. However, this is very difficult and limited by
the doping in the base, the work function of the contact metal used and by surface
preparation prior to metal deposition. Therefore, one of the biggest challenges to
vertical device scaling is the scaling of the collector base capacitance. Independent
scaling of the emitter and collector junction is necessary and is the main subject of
this dissertion.

It is also seen from Eqn. 2.7.-3 that current density increases with vertical scal-
ing. If the emitter junction dimensions are kept constanncreases. This increases
the power consumption in the device and thermal effects assume significance. There-
fore it is equally important to scale the emitter junction area. The power consump-
tion in the divider is very approximately,

kT
PL X AWOgic X Je . Aje =~ (6— -+ 2J6AjeRem) X JeLere (27-3)
q

The width of the junction area is limited by the lithographic and process tolerances.
To decrease power consumption by zhile maintaining high high current density,
means decreasing the emitter (and device) length, so that the emitter junction area
Aj. | v*. This is especially important for low power logic. As seen in the previous
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section, a significant component of the delay in logic circuit is

o Wm AVO ic A‘/0 ic
ch . ’ log + Cc 9

Wj . Je bipad ” JeLjere

(2.7.-3)

whereC,, is the device capacitance per unit area (not includifyg,.q, the access

pad capacitance). A certain access pad areéaim?) is needed for the device to
reliably contact the metal interconnect and to maintain a low metal access resistance.
This base pad cannot be scaled. As seen from Eqn. 3.3, as the length is decreased,
Cu.paa DECOMeES a significant fraction of the totd),. Chapter?? addresses this
through the use of implanted subcollectors.

In a standard triple-mesa DHBT process, decrease in the junction area is ac-
companied by an increase in the emitter resistance, the emitter contact area has
decreased as well. Besides affecting logic speed fan@s seen in the precious
section an increase iR., severely impacts the noise margin of the logic circuit. If
pex/Aem- J.A.; is t0o remain a constant wher,, is the area of the emitter contact,

Pex MUSt decrease in proportion to increasdinThis is a process challenge and ad-
dressed by the use of highly doped InAs lay@fspn alternate method to maintain

R., constant, is to decreaseAand maintain A, constant. This can be done by
severe undercutting of the emitter base junction which presents process difficulties
or by emitter regrowth discussed in Chapeér.

Vertically scaling the collector thickness decreases the breakdown voliagese
andBV¢go. The breakdown voltage is limited by several factors in a DHBT. Firstly
the term 'breakdown voltage’ needs clarification. Traditionally, open base or open
emitter voltage at a certain current level ( p@) are often reported. At these cur-
rent levels, leakage current due to passivation or surface states limit the maximum
voltage attained. If the setback and grade layers are thick, impact ionisation could
occur in these regions and thus the advantage of having wideband gap InP collector
is lost. (It is unclear at this time whether breakdown is due to impact ionisation or
tunneling.) Since operating. increases with vertical scaling, the maximum reli-
able power density associated witlsafe operating ared/A. ~ J. V.. < 7*Ve.
is a more significant applied voltage limit than the low-current breakdown voltages
BVego or BVepo.

The total emitter-base capacitancg is given by,

KflLeWe

Cje =
Je
Teb

(2.7.-3)
If the emitter junction is scaled laterally, to first ordéy. is reducedy? : 1 (where
k1 IS a constant). Scaling requirements for the emitter depletion thickfigsse

not easily summarized here and detailed analysis for scaling reported in [3].
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Table 2.1: Summary of simultaneous parameter scaling fadancrease in HBT
and circuit bandwidth

key device parameter required change
collector depletion layer thickness decrease:1
base thickness decreasg/7:1
emitter-base junction width decrease?:1
collector-base junction width decrease?:1
emitter depletion thickness decrease /%1
emitter contact resistivityy., decrease?:1
emitter current density increasey?:1
base contact resistivity — if contacts lie above B-C junction decrease- v%:1
base contact resistivity — if contacts do not lie above B-C junction unchanged
bias currents and voltages unchanged

Lastly, reductions to device thermal resistance need to be considered. For dis-
crete HBTSs, a significant fraction of the heat generated in the collector is removed
through the base and into the emitter metal. In large integrated circuits, the heat-
sinking through the emitter is much less effective.. The thermal resistance normal-
ized to the emitter junction areég 4 A,;. must be reduced in proportion to the square
of the circuit bandwidthy? : 1. Thinning thelng 53Gag 47As subcollector layer is
imperative [14] to decreasing the device thermal resistance.

What is the impact of this scaling on ECL (and CML) logic speed? With a
~:1 scaling, the collector thickneds is reducedy:1, the current density increased
v %1, and the dominant dela§,,AVj,,./I. reduced 1y, only if the access pad
capacitance€’,, ,.q IS eliminated. The parasitic voltage dré, I. = p..J. remains
constant ifp.,. is reduced rapidly by %:2. The scaling laws for a-fold increase in
bandwidth are summarised in Table 2.1

2.8 HBT scaling limits, and solutions explored in this

work
In order to increase circuit bandwidth, the transit times and capacitances of the
device must be reduced while maintaining constant (total) resistances, currents, and

gm- This is realized by thinning the base and collector layers, narrower emitter and
collector junctions, increased operating current density, and reduced cpntad
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sheetp, resistivities.

Emitter contacts as narrow as Quh can be achieved through standard optical
lithography and evaporated metal-liftoff techniques. If the emitter contact is to be
further scaled, advanced photoresist processes are needed to resolve smaller features
using i-line stepper lithography. The height of the contact will be limited by the
aspect ratio attainable from the e-beam metal evaporator. An electroplated emitter
contact, or one formed through metal-sputtering and dry-etch, are alternative ways of
producing tall, straight, narrower features. For these narrower contacts, the undercut
of the emitter mesa becomes increasingly difficult to control. Dielectric sidewall
spacer processes allow for very thin emitter semiconductor layers, minimizing the
undercut during mesa formation. Furthermore, the spacer eliminates the need for
evaporated self-aligned base contacts, where instead electroplating or metal-sputter
dry-etch processes are used. These advanced processes are under development and
are discussed in [23, 24]. As discussed, narrow emitters contacts lead to higher
emitter resistance. Emitter contact resistivityMo Ing s;Gag 15As, as low as 102 -
um? is now standard at UCSB [13]. It is not clear hgwcan be further reduced
by conventional deposition techniques. Advanced materials engineering such as the
use of in-situ MBE grown ErAs ohmics may be beneficial. Regrown emitter junction
HBTs have also been developed at UCSB as an alternative, where the ohmic contact
is much larger than the emitter junction for reduced access resistance.

Thinner base and collector epitaxial layers can be achieved through growth.
The base sheet resistancexisT; ', and to keep it unchanged the bulk resistiv-
ity (ppur, €2-cm) must be decreased through increased through base doping. As
the doping approaches: 10 cm™3, the hole mobility decreases and the doping-
mobility product remains relatively constant. This is a challenge that can be ad-
dressed through the use of extrinsic bases described in brief in CHptdhe
InP DHBTSs reported here utilize a 30 nm base and doping grade fremt - 10*°
cm—3. Through the appropriate choice of metal workfunction and highly doped
semiconductor the contact resistivities are decreased. The Fermi level at the semi-
conductor surface is pinned due to a combination of surface states, native oxides,
and metal-semiconductor diffusion at the interface. Surface preparation techniques
to minimize their presence have been developed, and low values of contact resistance
pe =~ 10 Q- um? values have been achieved. The resulting transfer length of the base
contact is~ 130 nm. Narrower collector junctions require narrower base contacts.

A minimum width ~ L,, the ohmic transfer length, should be maintained to prevent
exponential increases to the contact resistangeg,,.. These thin, narrow contacts
have high access resistance and inductance that influence HBT performance. Fur-
thermore circuits employing these narrow contacts are very difficult to yield in a
manufacturing environment.

Therefore in order to satisfy the scaling requisites for the collector junction, im-

33



CHAPTER 2. INP DHBT THEORY AND DESIGN

planted collector processes have been developed and is the main topic of this dis-
sertation. The non scaleable collector base access pad capacitance is identified as a
major parasitic. This parastic capacitance is eliminated through the use of implanted
subcollectors. Independent scaling of the collector is highly desirable, within a sim-
ple, manufacturable process. A fully implanted pedestal and subcollector transistor
is demonstrated where the extrinsic collector base capacitance is greatly reduced.

2.9 The scaled HBT

In-situ Phosphorus-Doped Emitter
¥ Dielectric Isolation
Silicide
Raised Extrinsic Base

Boron-Doped SiGe Base

<— Shallow Trench

4— Deep Trench

Selectively Implanted Collector (SIC)

B

Buried Subcollector

Figure 2.15: Modern SiGe HBT

Compared to modern SiGe HBT, InP HBT manufacturing is primitive. The SiGe
HBT shown in Fig. 2.15, has buried subcollectors for zero pad capacitafce,
pedestal for lateral collector scaling, deep dielectric trenches for device isolation,
thick extrinsic base and buried base ohmics for redug¢gdand submicron regrown
emitters for emitter-base junction scaling while simultaneously maintaining wide
emitter contacts. It has a planar geometry and large scale ICs are poSkilidei¢
to this extreme scaling and reduction in relevant parasitics, SiGe HBTs are as fast
as their InP counterparts for digital logic applications. Static frequency dividers of
~ 100 GHz have been demostrated with devices having cut-off frequencies of
300 GHz. This serves as the motivation for scaling InP HBTs and in this thesis,
technologies are developed for InP HBTS, to parallel the SiGe HBT manufacturing
process.
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250 nm

b,cont

- .
emitter contact

emitter

S.1. InP substrate

Figure 2.16: Scaled mesa HBT with collector pedestal

The bulk of this thesis examines technologies to reduce the base collector capac-
itance. In this sub-section, the expected performance enhancement with reduction in
C is calculated for highly scaled HBTs. A scaled mesa HBT is shown in Fig. 2.16
employing an emitter sidewall [23] and implanted pedestal-subcollector technology
developed in this dissertation. Table 2.2 compares standard figures of merit for a
device with 250nm emitter and 300nm base, with and without the implanted collec-
tors.

This calculation assumes all contact resistivitigs- 102 - um?, current density
Jyirk 1S 13mA/pum?, wiring delay of 0.3 ps , and the width of the emitter junction

Table 2.2: Expected performance of a scaled InP DHBT with and without implanted
collectors

Standard Figures of merit standard mesa DHBT mesa DHBT with implanted collectors
fr 490 GHz 550 GHz
Jmaz 600 GHz 800 GHz
Jelock 180 GHz 270 GHz
Ca/I. 0.4 ps 0.2 ps
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W;.= 0.25um. The other vertical and lateral dimensions are as in Fig. 2.16. All
other parameters are drawn from the state of the art UCSB mesa process [13]. As-
suming that the breakdown mechanism is impact ionisation or tunneling, the break-
down voltages#£ 41') are not expected to be different for the two technologies. The
power consumption of digital circuits at a given bandwith, is expected to be much
lower for the mesa DHBT with implanted collectors.

It is seen from Table 2.2 that reductiondr, tremendously improves$,... and
the maximum digital circuit speefi,..., while the difference tof, is marginal. As
discussed in the prior sections, is dominated by the transit delay in the device
while f,,.... is approximatelyx C,, ~!, and digital logic speed is severely impacted
by the delay term{, AVjoic/1.. The numbers in Table 2.2 serve to illustrate that
reduction inC, considerably enhances the high frequency performance of power
amplifiers (which depends ofy....), and digital circuits.
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lon Implantation in InP

ON implantation is a statistical process, where high energy ions penetrate a target

surface and are slowed down in traversing matter. The ions of a material are
implanted into another solid changing the physical properties of the solid. The ions
impinge on the substrate with kinetic energies 45 orders of magnitude greater than
the binding energy of the solid substrate.

lon implantation is the method of choice in state of the art Si manufacturing

to bring the dopants into the substrate material, mainly due to its ability to accu-
rately control the number of implanted dopants and and to place them at the desired
depth. lon implantation works by ionizing the required atoms, accelerating them in
an electric field, and directing this beam towards the substrate. When entering the
substrate material the energy of the dopants decreases, while they interact with the
target material. After some time the atoms come to rest at some depth depending on
their initial energy. This depth has some distribution as the collisions with the target
atoms are random. An important point for the device design is to know which initial
energy is necessary to place the dopants at the required depth and what will be their
spread. The LSS (Lindhard, Scharff, Schitt) theory [1] describes the distribution of
the ions in matter based on statistical models of atom-atom collisions .
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CHAPTER 3. ION IMPLANTATION IN INP

The two key parameters defining the final implant profile are fluence, also called
as dose, given in ions/¢nand energy E (in keV ). The dose or the areal flux of the
ions, is related to the beam current | by the following formula:

6= I-t;
qi A
weret; denotes implantation time4, the beam area angl is the charge per ion.
Typical beam currents and implantation doses range frpi BOmA and x 10! -
x10'% jons/cnt. The lowest energies used start at sub keV for ultra shallow junctions
to the MeV range for deep wells. When the ions enter the substrate they continuously
lose energy and momentum. There are two main effects that causes an energy loss,
e elastic collisions with the nuclei of the target material

(3.0.0)

e inelastic collisions with the electrons
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Figure 3.1: Nuclear and Electronic Stopping Power of Si implant in InP

The total stopping power S defined as the energy loss per unit path length of the ion

can be defined as: l lectroni
dEm nucetear dEm eLectronic

dx dx

S = (3.0.0)
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whereFE;; is the initial ion energy on impact.

dEm electronic

E;; .0.0
o x (3.0.0)

Both these components are functions of the mass of the target and incident ion and
nuclear charge of the target. Fig. 3.1 is a plot of electronic and nuclear stopping
powers calculated fromiRIM, for Si implants in InP. The nuclear stopping is domi-
nant at low energies while at high energies, the stopping is almost entirely due to the
electrons of the target material, InP.

Due to the random nature of the collisions the total distance traveled (range) and
its projection on the direction parallel to the ion beam (projected range) are random
variables.R, denotes th@rojected ranggethe depth were most ions stop. Tibagi-
tudinal projected stragglé\ i, describes the statistical fluctuation®f. Based on
the LSS theory, the implant profile (projected randgsof a huge number of ions)
is described by a Gaussian function since the sum of infinite random variables can
be approximated by a Gaussian distribution as,

. Tii ) - (ZE’ — Rp)z
N(x) = m exp (72AR§ ) (3.0.0)

where ni is the implant fluence in ions/cinR,, is the implant range and R,, is the
longitudinal implant straggle. The profile is defined by the implanted fluencin
ions/cnt, the projected rang®, in um and the projected straggleR, in um.

Thus, the range and straggle are functions of the implanted species, initial en-
ergy, and target material. Since each ion’s final distribution is a random variable,
statistical Monte Carlo simulations can predict the projected range and straggle of
a huge number of ions. The software SRIM [2] is a group of programs which cal-
culate the stopping and range of ions into matter using a full quantum mechanical
treatment of ion-atom collisions. One compondiIM (the Transport of lons in
Matter) is a Monte Carlo Transport Calculation of ion interactions with multi-layer
complex targets. It can calculate both the final 3-D distribution of the ions and also
all kinetic phenomena associated with the ion’s energy loss: target damage, sputter-
ing, ionization, and phonon production while all target atom cascades in the target
are followed in detail.

TRIM assumes that there is cylindrical symmetry in the final ion distributions.
Thus the mean lateral range of the ions is zero while the ion straggling has its normal
definition as the second moment of the lateral distribution. The lateral projected
straggle thus directly describes the final distribution under an implant mask edge.
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3.1 Implantationin InP

Seminal work on implantation in InP was carried out in the late 70s and early 80s
by Donnelly and Hurwitz [3]. They demonstrated that lon implantation is a feasible
method to achieve either doping or isolation in InP. The magnitude of resistivity
of implanted InP depends on the doping species. It is seen that activating acceptor
implants are harder than donor implants. Another problem with acceptor species
is their high rate of diffusion in InP. The implanted species Si, Ge, Se, S and Sn
are all effective donors in InP and can produce heavily doped N-type layers. Many
electronic applications require Semi Insulating(SI) InP with high resistivity~of
%101 2 - um. Resistivities in the Sl range are usually obtained by doping with
the deep acceptor Iron(Fe) or as is done in this thesis, by implanting Fe. All these
implants require high temperature annealing at overZ00

As the implanted ions interact with the target nuclei, they can initiate a cascade
of displacements. In general, the heavier ions create more damage. At high substrate
temperature, defects are more mobile and more annealing can take place during the
implant. It is seen in InP that there is significantly less damage if the implants are
carried out at an elevated temperature over AZ¢4]. Furthermore, the activation
of the dopants and the mobility significantly improve when the implants are carried
out at elevated temperatures [5]. This is attributed to a dynamic annealing process
during implant. Since the implants are carried out at an elevated temperature, an
implant mask should be used, that can withstand these temperatures.

During implantation, channeling can occur when the ion velocity is parallel to
a major crystal orientation. The ions can travel considerable distances with little
energy loss. lon channeling can therefore produce a significant tail to the implant
distributions. Most IC implantation is therefore done off-axis. A typical tilt an-
gle is 7°. Channeling is more a problem in single crystal materials than in I1I-V
compounds. The power of an incident ion is

Py o< Vig X Ji (3.1.0)

where.J;; is the ion current flux inn A /um? andV; is the voltage =;; /ioncharge

If the incident power is transferred to the target crystal, it is dissipated as heat. In
typical VLSI processes, where the implants in Si are carried out at room temperature
or for damage implants in 111-V’s , this temperature rise can destroy the photoresist
typically used as an implant mask. Therefore current is usually maintained small
in such cases, usually 50 ;A which means that for a given implant fluence, the
implantation times can be very long and hence there is a higher probability of impu-
rities. Allimplants done here are at a substrate temperature 6f0Dherefore, the
implant current is less important for such implants. However, to not cause additional
lattice heating, all implants are carried outab0 pA.
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3.1.1 High temperature annealing of implants in InP

One component of energy transfer when a high energy ion enters a wafer is col-
lision with the lattice nuclei. Many of these atoms are ejected from the lattice during
the process. Some displaced substrate atoms have sufficient energy to collide with
other substrate atoms to produce additional displaced atoms. As a result, implanta-
tion process can produce considerable substrate damage that must be repaired during
subsequent processing. Furthermore, if the implanted species is intended to act as a
dopant, it must occupy lattice sites, here group Il In sites. Both damage repair and
implant activation are normally done by heating(annealing) the wafer after implant.

There exists a threshold dose above which the damage is complete. This crit-
ical dose depends on the implant energy, implant and target species and substrate
temperature. As an ion passes through the crystal, point defects consisting of inter-
stitials and vacancies are created by direct interactions with the target atoms. These
are primary defects. A vacancy defect is also known as Schottky defect and an inter-
stitial defect is called a Frenkel defect. Secondary defects occur when an implanted
wafer is annealed. Secondary defects increases greatly at very high fluences near the
critical dose [6].

Annealing processes are needed that minimize the secondary defects while ac-
tivating the dopants. The temperature required for optimum activation of dopants
in InP is well above the temperature (5%) at which incongruent evaporation of
group V species, Phosphorus P, occurs. Therefore some method of minimizing this
loss is required. A common method of annealing is the proximity method where
another InP wafer is placed face to face with the implanted InP substrate. As the
wafers are heated up, each wafer begins to lose a small amount of P, but an over-
pressure is created that prevents further dissociation. This is not a satisfying solution
since it relies on loss of P. Moreover it presents a safety issue when a conventional
RTA chamber is used since P is highly flammable and poisonous. The best method
is to anneal the InP wafer in a phosphorus atmosphere in the MBE chamber, but
this choice is not available at this time@&tC'S B. Annealing in a enclosed graphite
cavity with a P partial pressure is shown to be very effective even upté@Qo]. A
commonly used solution is the use of dielectric encapsulant susias Si, N, or
Phosphosilicate glass (PSG) [3] where the wafer can be annealed in a conventional
RTA.

Si104 is a poor encapsulant as it is hard to remove after anneal and also has
vastly different thermal expansion coefficient from I8, NV, is used as an encap-
sulant here. In order to minimize scratching on gV, on the top surface during
backside deposition, the PECVD platen is first coated with 100-200 nfn, Y.

All anneals are carried out in the Rapid Thermal Annealer(RTA) as this was the only
tool available at this time. Furthermore, if the anneal is carried out at high tempera-
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ture and for a short time, thermal equilibrium is not reached. Thus dopants greater
than its solid solubility in InP can be activated. Stress and strain can cause cracking
or a loss of adhesion, so it is important to use pinhole ffeégV,. Both sides of

the wafer are coated with 40 nm 6¥, N, deposited by PECVD. The quality and
thickness ofSi, NV, are very critical to providing surface integrity during anneal.
For annealing, the depositéd,, NV, has to be very uniform and very smooth without
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Figure 3.2: Poor qualitysi, N, on InP

pinholes or defects. An example of poor quality, N, on InP is seen in Fig. 3.2.
SiyN, has poor adhesion on InP and often results in a rough layer. Deposition of
good qualitySi, N, on InP is not trivial. PECVD depositest, N, adheres poorly to
exposed InP surfaces. Prior to deposition, InP surfaces are treated with Ozone for 5-
10 minutes. Studies by Driagt al. [8] showed that an ultra-violet ozone treatment
(UV-ozone) is an effective way of cleaning a surface of organic and non-organic
materials. The uv-Ozone also produces a uniform stoichiometric oxide film which
passivates the defective surface layers associated with the native oxides of InP and
those that occur due to processing. After a ten minute uv-Ozone treatment, the stoi-
chiometric composition at the surface is restored. The oxide thus formed on InP has
to be removed prior t&'i, N, deposition. This is done by wet etching in Buffered
Hydro-Fluoric(BHF) acid for 5-10 minutes, so that a clean surface of InP ensues.
However, Fluorine radicals from BHF are attracted to InP surface [9]. Therefore the
wafer is cleaned in running De-lonized water (DI) for 5-10 minutes. It is seen that
each of these steps is critical in ensuring a clean InP surface and hence good quality
Sig N, as cap.
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The thickness of th&i, N,, cap is important. A thin layer o7, N, i 30 nm may
not provide adequate surface coverage and is not reliable. A thitkev, cap>
60 nm results is numerous defects after anneal. The reasons are not well understood
at this time. One postulate is that the, NV, layer is strained and a thick cap may be
relieving this strain at high temperatures leading to pinholes. The pinholes results in
P desorbing from the surface and leaves behind deep-piS - 20 um as seen in
Fig. 3.4. Fig. 3.3 is such a micrograph of such a defect on the InP surface after a high
temperature anneal(80C). Analysis of this anneal defect using Energy Dispersive
X-Rays (EDX) indicates a very large concentration of Oxygen atoms. The atomic
ratio of P to In is slightly lower.

Pitting on the surface of
InP after anneal ~ 1 um

Element ( Outer Shell )| Wt % At %
C(K) 3.63 11.44
N (K) 0.00 0.00
0 (K) 20.71 48.92
Si (K) 1.89 2.54
P (K) 14.37 17.54
In(L) 59.40 19.56
Total 100 100

Figure 3.3: Rectangular pit formation on InP after high temperature anneal and EDX
compositional analysis

The complete removal ofi, N, after anneal is critical. High temperature an-
neals cause the dielectric encapsulant to become stoichiometric and dense. These
are typically harder to remove after such high temperature treatments. This was
the main reason for rejectingiO, as an encapsulant. It is seen that a long treat-
ment in BHF (~ 10 minutes) is sufficient to remove thig, NV, cap. Fig. 3.5 is an
EDX spectra of the InP surface after the,V, is removed in BHF and there is no
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18 um pitting on the surface after anneal due to failure of the cap

Figure 3.4: Pit formation on InP after high temperature anneal

evidence ofSi, NV, present.

One important consideration is the residual stress of the encapsulant [10]. Com-
pressive stress may cause undesired buckling and cracking may occur if the tensile
stress is too high. The bulk stress consists of an intrinsic and thermal part. The total
bulk stress €.k 10ta1) i dielectric PECVD layers is given by

Ototal = Oint + Oth (310)

whereo;,,; andoy, are the bulk intrinsic and thermal stress respectively. The thermal
stress only results from the temperature change between deposition and anneal and
the difference in thermal expansion coefficients of the film and the substrate. The
thermal stress is given by

o X (ap — o) AT (3.1.0)

wherea; o, are the thermal expansion coefficients of the film and substrate respec-
tively. An encapsulant should therefore ideally have a thermal expansion coefficient
similar to InP to prevent thermal stresses. Between 300 and 673K, the thermal ex-
pansion coefficient of InP is 4:610~%/° K while that of Si, N, is ~ 3.2 x1075/°
K. SiO, has a thermal expansion coefficient of 98 ~¢/° K which makes it less
suitable as an encapsulant for InP.

In the long term however, annealing of InP in a phosphorus overpressure in a
fully sealed chamber seems to be the best solution.
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Figure 3.5: Analysis of the InP surface after anneal and cap removal

3.1.2 Siimplantation in InP

N-type dopants implanted in InP have been shown to have an activat&is
even when the doping levels is 1x10'Y cm=3 [11]. Si, Se and S are commonly
used dopants. Among these Si is the lightest element and causes minimum damage.
It has little diffusion which is not the case with S [12] and therefore the lateral spread
can be better controlled with Siimplants. Here, Siimplantation is done wherever N-
doping is required. The commercially available ion implant systems available at this
time could do a maximum of 350 keV at a substrate temperature ofQ0Big. 3.6
shows the distribution of Si in InP, as estimated by TRIM, when implanted at 350
keV. TRIM does not account for differences due to implant temperatures. Also this
plot is a plot of ion range in atoms-cn¥ atoms-cn1?. When multiplied by the dose
inions/cnt or (atoms-cm?) it gives the distribution of Si in crm?.

The lon recoil distributions are seen in Fig. 3.7a. These are all the In and P atoms
knocked out of their lattice sites, creating vacancies. The distribution of In and P
recoils is shallower than the range of the Si (Fig. 3.6). Near the end of the Si tracks,
the ions do not have enough energy to create massive cascades. At the peak of the
damage plot in Fig. 3.7a, the vacancy raterofs ~ 0.4 vacancy/iord.For a dose
of 5x10'* ions/cn?, there are 2 10? vacancies-crm?. The atomic concentration of
In is 5.6x 10?2 atoms-cnt®. The damage is therefore 35%. This is a pessimistic
estimate. Due to elevated substrate temperatur@)’ of the damage is repaired
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Figure 3.6: lon Ranges for Siin InP at 350 keV

during implant. Therefore the InP crystal damage-3.5 % and the implant layers
are not quite amorphous.

Fig. 3.7b indicates the energy lost to recoiling target atoms that give rise to va-
cancies. From the plot; 200 keV of the ions energy is transferred to the recoiling
In atoms. This can be estimated by assuming a constant energy transf@b of
eVl/ion-A over a depth of 8004. So the total energy transfer to In recoilsH2200
keV. Also, it is seen that the energy transfer to phonons is almost exclusively from
the recoiling target atoms. An atom is knocked off its lattice site, giving rise to a va-
cancy when the energy is greater than the lattice binding energy. The total displaced
atoms from their lattice sites is usually quantified as damage due to implant. These
atoms leave behind vacancies and may form interstitials.

The Nuclear stopping power and electronic stopping power is also calculated
from TRIM. At 350 keV the stopping power in eXiis,

~nuclear o

S, = df; = 17.69¢V/A (3.1.1)
__electronic o

S, = dfgl = 55.65eV/A (3.1.2)

From the projected range and longitudinal straggle obtained from TRIM, and
assuming a Gaussian distribution, the implanted profile of Si is plotted in Fig. 3.8.
Also shown are the doping levels with 60and 100% activation of the Si dopants.
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Figure 3.7: lon Ranges for Siin InP at 350 keV

With 60 % activation, the average doping-is5x 108 cm~3 over 60004, and using
a mobility of ~ 1000cm?/V - s, the expected sheet resistance &1 /0.

The lateral straggle is given as 1992As discussed, cylindrical symmetry is
used. Since the offset angle is small,the lateral range is assumed to be zero. The
lateral distribution can be expressed as,

z

N(z) = N(z)-exp— (2AR2) (3.1.2)

whereR, is the lateral straggle distance. Lateral straggle is the distanceviren

the concentration reducesdo'/? of its peak value. The peak activated value (at the
implant mask edge) is a function ofas seen in Fig. 3.8 andis 1x 10*° cm3. The
lateral distribution is plotted in Fig. 3.9. The point at which the Si doping falls below
the Fe doping present in Sl InP, the region become Semi-Insulating again. In this
dissertation, this is important and is defined as the lateral straggle due to Siimplant.
This straggle is~ 0.5um. Table 3.1 lists the projected range and longitudinal and
lateral straggle for Si at various energies in InP from Monte Carlo simulations.
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Figure 3.8: Si doping profile in SI InP at 350 keV

Table 3.1: Silicon Implant in InP as calculated BRIM

Implant energy

Projected Range

b Longitudinal Straggle

Lateral Straggle

5 92 52 54
10 159 91 85
40 496 256 286
90 1020 490 540

140 1556 696 800
200 2204 902 1060
350 3662 1366 1592
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Table 3.2: Implant conditions for basic, implanted subcollector HBT process

Implant species Implant energy| Implant fluence | Offset angle| Implant temperature
Si 140 keV 3x10' ions/cn? 7° 200° C

40 keV 8x10'3 ions/cn?

10 keV 3x10'3 ions/cnt

Lions < 10uA

Si implants are performed at the implant conditions stated in Table 3.2. After
implant, the wafers were capped withi, N, and annealed at various temperatures
and times. Table 4.7 gives the mobilities and sheet charge density. It has been

Table 3.3: Hall measurements of resistivity and mobility for Si implants

Anneal temperature Anneal time| Hall mobility | Carrier density| Sheet resistance
(°C) (s) (cm?/V - s) (cm?) (©/0)
750 30 999 1.22x10' 51.3
800 15 868 1.70x10'* 42.3
800 30 909 1.66x10'* 41.5
825 15 874 1.87x10' 38.3
850 15 879 2.11x10" 33.7

reported [11] that short anneals at temperatures ovef €15 required for complete
activation of donor implants. However, above 8@ the Si, /N, cap is not stable

and there are numerous anneal defects throughout the wafer. The activation of Si for
800°C anneal is~60%. Phosphorus(P) co-implantation is known to greatly increase
the activation of Si. Si acts as donor only if it substitufesatoms in the lattice. Co-
implanting P increases this possibility. The profile of Si implant is obtained from
SIMS and is shown in Fig. 3.10. It deviates little from thRIM simulations.

The sheet resistance obtained above is high for the applications discussed in later
chapters. Therefore the implant energy is increased, to enhance the implant depth.
The details are in Chapter 4 . AFM scans in Fig. 3.11 of the implanted and annealed
wafers indicate that the surface quality is restored to its original state after annealing
at 800°C.
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Figure 3.11: AFM scans of the implanted surface
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3.1.3 Feimplantation in InP

Iron (Fe) is a mid gap acceptor in InP. Fe is a transition metal with tightly bound
orbitals and hence a small Bohr Radius. Fe atoms occupy the In sites substitutionally
and act as deep acceptor centers for free electrons. Indeed, Sl InP substrates are
formed by doping the crystal, during the Liquid Encapsulated Czochralski (LEC)
growth phase, with Fe. Fe typically exists in InP with an oxidation state of +3 and it
can accept one electron to reduce its oxidation state of +2.

Isolation can also be done by implantation. However in InP, implant isolation has
not been as effective in creating high resistivity regions as in GaAs. The ion species
H, He, B, O2 are utilized to create damage implants in n-type InP and, the reported
value of 1 M2/0 is insufficient for device isolation. Fe Implantation can be used to
create deep levels; this chemical compensation ensures the crystallinity of the semi-
conductor after high temperature anneal. Isolation by chemical compensation is
more apt if there is a requirement of subsequent regrowth of crystalline layers. Full
compensation is achieved when the concentration of the deep acceptoriNevels
exceeds the background doping, the Fermi levelE' -, is approximately pinned at
E4, the deep acceptor level due to Iron which48.6eV below the conduction band
[13]. This result is derived as follows. Consider a semiconductor with a shallow
donor of active densityVp and a deep acceptor &t and active densit\4. n is
the number of conduction band electrons ans the number of valence band holes.
Assuming Boltzmann statistics,

n = Npe~ Fo=Er)/kT (3.1.3)
p=ni/n (3.1.49)
wheren; is the intrinsic concentration in the semiconductor. The Fe acceptor has

a negative charge if occupied and neutral if empty. The occupation of acceptors is
given by,

Naga
n(Ba) = BT (3.1.5)

whereg 4 is the degeneracy of the acceptor statgsis usually 4. Charge neutrality
dictates that,

n+n(Ea) = p+ Nj, where,p = n?/n (3.1.6)
Complete ionization of the donor states is assumgd.,) can be simplified as,
N
n(Ea) = T g/n where, (3.1.7)
N. Es-Ec
0 = 0 eTp— - (3.1.8)
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The charge neutrality equation can therefore be written in simplified form as,

NA n2

_ + 2
n+1+9/n_ND+ - or, (3.1.9
n2 NA/ND n n2
1) - = A1
Nz <1+9/n )+ Nz =Y (3.1.10)

If Nyo/Np > 1 and the semiconductor become semi-insulating, or intrinsic, then the
number of conduction electrons is determined by the thermal generations-of;.
In that case,

N4/Np
=1 111
14+6/n or 3 )
0 Na
— =_= A1.12
n=-— where,r N, (3.1.12)

or expanding andn from Eqn.3.1.4 and EqR? one obtains,

As mentioned, this expression is only valid when= ]]\V,—g > 1. A plot of the
Fermi level withx is given in Fig. 3.12. As evident from the figure, the Fermi
level is pinned at the acceptor level even when 20. This is the reason why mid
gap acceptors are used to compensate residual donors, when a SI semiconductor are
needed. When the Fermi level is above the acceptor level, the acceptor states are
filled. Since all the acceptor states are below the donor energy levels, the electrons
preferentially occupy the acceptor sites. This means that the donor states are ionized
and, if the donor density is less than the acceptor density, the conduction band is
empty. In this case the Fermi level isatE,. Suppose more donors are added.
First, all the acceptor states are completely filled. The remaining donors then ionize
so that their electrons move into the conduction band. In this case, the Fermi level
approaches the donor level as seen from Fig. 3.12.

The solid solubility of Fe in InP is £10'” cm~2. However, this can be overcome
during implantation, since it is essentially a non equilibrium process. Donnelly and
Hurwitz first reported the effect of iron bombardment in InP. Since then, numerous
studies have been conducted using iron implantation in InP [13, 14, 15]. Earlier
work indicates [11] that prolonged anneal at temperatures over656 required
for damage removal and complete activation of acceptor implants. Indeed, resistiv-
ities as high as 2107 2-cm have been obtained, for Fe implantedNri ™ doped
InP(1x 10 cm™3), after 650°C anneal. However, room temperature implantation of
Fe produces an amorphous implant region which results in significant defects even
after anneal [16].
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Figure 3.12: Fermi levels for various degrees of deep level compensation

To study the effect of Fe itv** InP, Fe is implanted at 190 keV with a fluence
of 4x10% ions/cnt into epitaxially grown 130 nmV~InP and 80 nmN*+* InP.
This was carried out at 200C to minimize crystal damage and increase Fe acti-
vation, which occurs due to enhanced dynamic annealing at this temperature [17].
As before, the post implant is carried out in a conventional a conventional RTA.
Fig. 3.13 shows the SIMS profiles of Fe in the as-implanted and annealed wafers
and also the theoretical LSS profile frorRIM. There is significant deviation from
the theoretical profile, in that

¢ the Fe penetration is deeper than predicted by the TRIM software
e areduction in the peak concentration
e a pileup of Fe at the surface

. These results concur with that reported earlier [18, 19, 15]. Several arguments ex-
ists to explain this phenomena. Fe tends to accumulate near the maximum damage
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Figure 3.13: Fe profile in 130nm N8Onm N InP at 190 keV/410' ions/cnt
from SIMS and as simulated ByRIM

region with peaks at aroungt, + AR, of the Fe implant. This discrepancy is ex-
plained by the enhanced diffusivity of Fe in the amorphous phase [20]. The diffusion
coefficient is~ 1x10'* cn?s~!. Furthermore such accumulation at certain points,
occur when the Fe implant fluence exceeds a certain amorphization threshold. This
threshold is % 10'? ions/cnt¥ when implanted at room temperature [20] and between

2 and 5x10'* ions/cnt when implanted at 200C. A depletion of Fe atoms is also
observed and this larger when the damage is higher. The Fe atoms are gettered
and/or trapped at the secondary defects formed during annealing. Reconstruction of
an amorphous layer is complicated and strongly influences the redistribution prop-
erties of Fe. . The RBS plots in Fig. 3.14 indicate the presence of an amorphous
region upto a depth of 104 nm for the implant performed at 190 keV with a fluence
of 4x 10" ions/cnt. The anneal at 428 is not sufficient to repair the crystal dam-
age. As evident from SIMS, the implanted Fe concentration is well over the Si
N-type doping in the structure. Fig. 3.15 shows a plot of measured resistivity of the
sample with anneal temperature; the as-implanted sheet resistance(lg3. Mt
temperatures of 50C and above, the resistance of the Fe implanted layers drops.
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Figure 3.14: RBS plots indicating an amorphous region after anneal

Evidently, Fe does not fully compensate the Si electrically and RBS plots also in-
dicate a thick amorphous layer. The data therefore suggests that conduction seen
in the wafer is through hopping between the Fe sites, due to its high density. An
anneal is also performed at 728 for 15 minutes, as suggested in the literature
[13]; the sheet resistance is seen to be()70. At the chosen implant conditions,
it is difficult to fully chemically compensate the high** doping. This could be
due to formation of FeP precipitates, or due to the solubility limit of Fe in InP. It
been reported that FeP precipitates were formed in CBE grown Fe doped InP above
an Fe concentration of210*° cm=3, and the resistivity is seen to drop [21]. Some
authors [22] have indeed resorted to using damage Iron implants for isolation. They
obtain 5 M2 /0 for a room temperature implant. However the amorphous nature of
the implant renders it unsuitable for subsequent crystalline regrowth.

56Fe is a heavy element (compared to 28Si) and therefore creates a lot of damage
to the crystal lattice during the implant process. Shown in Fig. 3.16 is the number
of vacancies produced for Fe implanted at 150 keV, due to collisions with ions and
recoiling atoms. The damage density is calculated for a dose '8 ions/cn¥ is
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Figure 3.15: Resistivity with anneal for Fe implanted in 130nm'80nmN** InP
at 190 keV/4<10' ions/cnt

to be ~ 5x10* atoms-cn?, almost 100% damage. This calculation ignores the
dynamical annealing present during implants at elevated temperatures, but as seen
from RBS and in Chapter 5, the implanted material is almost completely amor-
phous even when the implants are carried out at elevated temperature. This amor-
phous layer also influences certain chemical properties and this layer is seen to etch
rapidly in BHF. It will be shown in Chapter 5 that annealing above 70Gor long
periods & 5 minutes) can anneal the damage completely for moderate doses (upto
2x10' ions/cnt) and energies upto 150 keV. It was seen from the RBS plots and
the resistivity data that it is difficult to anneal the damage when the implant dose
is above a certain threshold. Previous work suggests that this dose increases with
implant temperature [17].

One important parameter ignored in this discussion is the lateral straggle of Fe.
At 190 KeV, AR, = 6504. The straggle becomes important when selectively masked
implants are performed but throughout this work, Fe is implanted non selectively.
Therefore, the lateral straggle is ignored here.
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Figure 3.16: Damage in InP due to Fe implanted at 150 keV

3.1.4 Co-Implantation of Si and Fe

Si and Fe can be co-implanted as is done is Chapter 5 . Since Si and Fe re
activated only when they preferentially occupy group Il sites, they both compete
for In sites, when co-implanted. If Fe is implanted first, annealed and then Si is
implanted, it has lesser group Il sites to occupy. Hence the activation is reduced,
albeit marginally. Co-implantation has yielded schottky-" diodes. The Si is
implanted deep at 350 keV and Fe compensates the top 150 nm to form a Sl region.

3.2 Mask for Implantation

. Traditionally in the Si VLSI industry, photoresist(PR) is used to mask the im-
plant. Since all the implants performed here, are heated implants, it rules out any PR
implant mask. Metal can be used as an efficient mask for implants. However, metals
can be difficult to removeSiO, or Si, NV, can also be used as mask. Howexep,2
has a lower density thafii, NV, and is therefore less efficient in stopping the ions.
Thermally depositedi, N, has a density of- 3.2 g/cc, while plasma deposited
Si, N, (at< 300°C) has a large concentration of hydrogen (10 %3Bwhich lowers
its density to 2.4 - 2.8 g/cc [23]. Her#j, N, is used as an implant mask whenever
selective implantation is carried out. Fig. 3.17 shows the profile of Si implants (300
keV/6x 10 ions/cnt) with 1m Si, N, on InP. As seen from the figure, the density
of Si at Si, N,-InP boundary is~ 1x10' cm~* which is not sufficient to cause N-
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Figure 3.17:S%, N, implant mask for 300 keV Siimplant in SI InP

type doping. Since the density 6t,N, from the PECVD is not exactly known, a
much thicker mask than is predicted BrRIM is often used.

3.3 Growth on Implanted substrates

For fully crystalline growth, one of the requirements is a crystalline semiconduc-
tor and excellent surface morphology. As discussegiBid.1, theSi, NV, has to be
completely removed after anneal. Any Nitride remaining will cause poor growths
and the Reflection-high energy electron diffraction (RHEED) signal patterns to be
spotty. Fig. 3.5 is evidence that the process developed here results in complete re-
moval of theSi, NV, encapsulant after anneal. As will be seen in Chapter 4 and
Chapter 5, anneal conditions developed for Si and Fe implants result in a crystalline
semiconductor and in excellent growth morphology. Several published results exists
for MBE growths on implanted InP substrates and epitaxial layers. Dodabalpur et
al. demonstrated InAlAs/InGaAs HBTs with good DC characteristics grown on Si
implanted InP substrates [24]. High speed HBTs and IC technologies have been
demonstrated for layers overgrown on Si implanted epitaxial material [25, 26].

MBE growth is initiated after a surface treatment consisting of a 10 min. ultra
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violet(uv) ozone treatment followed by 5 min in BHF and 5 min. in DI water. As ex-
plained in§3.1.1, uv-ozone is an effective way of cleaning a surface of organic and
non-organic materials and to form a stoichiometric oxide film. The BHF treatment
removes this oxide. Prior to MBE growth standard oxide desorption is performed
to rid the surface of remaining oxides. The RHEED patterns are seen to be streaky,
indicative of excellent crystalline growth and the surface is observed under high res-
olution optical and electron microscopes to be comparable to fully epitaxial layers.

Having set a background into Si and Fe implantation in InP, Ch&2eand
Chapter 5 will explore practical applications of these implants for high speed de-
vices.
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Implanted Subcollector DHBTSs

ETROJUNCTION bipolar transistors are mostly fabricated in a triple mesa
process. While these have achieved tremendous performance [1, 2] at the cur-
rent scaling generation, there exists several issues that must be solved before scaling
them further. Fig. 4.1 is an micrograph of a standard triple mesa HBT at UCSB
[3]. In this device there is a significant portion of the base metal that lies outside the
device active region. On the base access pad, is the base post whidhim in
height. This connects the base metal to the top level metal interconnect. The base
post, and hence the access pad have to #m? in order to achieve a reliable
and low resistance contact with the metal interconnect. As shown in the cross sec-
tional view of the device in Fig. 4.2, the base pad contributes to the base collector
capacitance.

As discussed in Chapter 2, this base pad capacitance becomes an important para-
sitic as transistors are scaled. Low power logic can be achieved by using low current
levels. However, to not impact the bandwidth, high current densities should be main-
tained. This necessitates the use of shorter length devices. Eqn.3.3 is repeated here.
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0.6%m DHBT fabicated at UCSB

=

Base
access pad

Det WD Exp ———— 2um
k  TLD 68 1 DHET19b. r14. no passivation

Figure 4.1: Planar view of a standard mesa HBT fabricated at UCSB

A major delay component determining digital logic speed is,

g Wm AVvo ic
ch . b . log

A‘/Zogic
W, 7 + Ceb,pad * ToL Wi (4.0.0)
whereC,, is the device capacitance per unit area (not includifyg,.q, the access
pad capacitance). For reasons explained, this base pad cannot be scaled. As seen
from Eqn.3.3, as the length is decreas€d,,.c becomes a significant fraction of
the totalC,.

As detailed in Chapter 2 , eliminating the pad capacitance reduces power con-
sumption while maintaining the same bandwidth. Current state of the art mesa
DHBTSs have resulted in static frequency dividers operating at 150 GHz but con-
suming 600 mW [4]. In order to design a divider to operate at 150 GHz but at half
the power, current mode logic (CML) can be employed for the data level and emitter
coupled logic (ECL) for the clock level. With current mode logic, the transistors
in the data level has a collector base swing &7,y to +AV},4. as opposed to
-AViogic + Ve 10 +AVo. + Vpg for levels using emitter coupled logic. CML
operation has greatly reduced maximum current density. From Eqid.3.3L. in-
creases and hence the delay. In order to maindgjp/., a simple calculation and
simulations indicate that',, has to be decreased by30 %.

There are several methods reported for eliminating this base access pad capaci-
tance through the use of micro air-bridges [5, 6]. Fig. 4.2 shows a secondary electron
micrograph of such as base pad. Typically in such processes, the subcollector under
the feed lines from the base pad is removed by anisotropic wet etching. There are
several disadvantages:
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Base pad Base Collector

Figure 4.2: Air bridge to isolate the base access pad: Courtesy NTT, Japan

e The base feed lines are designed toxh8.6-0.8um to ensure complete re-
moval of the semiconductor below. These present a very large access resis-
tance.

e The use of thin feed lines and the presence of air gaps, presents a reliability
issue.

This technique is thus unsuitable for high yield, manufacturable processes.

An alternate idea is to isolate the base pad by selective implantation. lon im-
plantation is a viable method to achieve isolation in the active regions and has been
successfully employed in GaAs-AlGaAs HBTs [7]. As discussed in Chapter 3, Fe
implantation can be used to compensate the N-type collector and subcollector lay-
ers, where isolation is required Fig. 4.1. As detailed in the previous section a very
high dose and energy of Iron is required to isolaté™ layers. Such Fe implants
induces large defect density and is unsuitable where crystalline growth is required.

One of the main ideas explored in this thesis is the use of selective Si implants
to eliminate the base pad capacitance.

4.1 Implanted subcollector HBT process

The process flow of the basic, implanted subcollector HBT is shown in Fig. 4.3.
Starting with a template of Semi-Insulating InP, alignment targets for stepper based
lithography are definedSi, N, is deposited and patterns are defined by dry etch
so that Sl InP substrate is selectively implanted with Silicon(Si), an N-type dopant
(Reasons for choosing Si are detailed in Chapter 3 ). Following the implant, the
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Si, N, implant mask is removed in BHF. The Si dopant is activated and the im-
plant damage is removed, by a high temperature anneal in the RTA. In order that the
Phosphorus not dissociate during anneal, the top and bottom of the wafer is covered
with 40 nmSi, NV,.. This ensures that a highly doped, isolated subcollector region is
formed only where devices are to be formed. In Fig. 4.1, Si is implanted inside the
drawn boundary. The base access pad lies outside the subcollector implant bound-
ary. This means that the subcollector is not present under this pad and there is no
terminating plate of charge for the electric field lines from the base. The capac-
itance due to the base pad is therefore nearly eliminated. The HBT drift collector,
base, and emitter layers are then grown by Molecular Beam Epitaxy (MBE). Devices
are fabricated in a standard, all wet etch mesa process. However with the selectively
implanted subcollector, HBT isolation does not require a mesa etch. As seen from
Fig. 4.3, this reduces the HBT mesa heightb$00 nm significantly improving the
planarity of the device and hence device yield in a complex IC process.

68



CHAPTER 4. IMPLANTED SUBCOLLECTOR DHBTS

Silicon implant
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Semi Insulating InP substrate
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& MBE growth
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Semi Insulating InP substrate

mesa HBT fabrication¢

Isolated Subcollector

Semi Insulating InP substrate

Figure 4.3: Basic implanted subcollector HBT process flow
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Several criteria need to be satisfied for the implanted subcollector process.

¢ low sheet resistance subcollector

¢ high doping at the surface for low collector contact resistance

e crystalline, defect free semiconductor before growth

e excellent surface morphology comparable to InP substrate prior to growth

e planar surface with no recesses due to dry etches/implants/other processing
¢ high temperature stable alignment targets

e low contact resistivity ohmics t&/** InP

e good isolation between th¥ "+ subcollectors

e defect free MBE growths low I-50, DC characteristics simlar to epitaxially
grown HBTs

4.1.1 Sisubcollector implant

From the expression for collector resistance in 2.3, the subcollector has to have
high doping of~ 1-2x10'Y, and a low sheet resistance comparable to a mesa DHBT
~ 10 Q/0. Furthermore the subcollector needs to be isolated with very low inter
device leakage- 1 pA/um. The requirements for the implant are thus summarized
below.

e Low R. = high doping=- high implant fluence
e Low Ry, = thick subcollector- high implant energy
e Good isolation= excellent implant mask> thick S, N,

As discussed in Chapter 3, the anneal should repair the crystal damage and also
activate most of the dopants so that Si preferentially occupies the group IlI(In) site.
From the data in Table 3.2, the lowest sheet resistance when the Energy = 140
KeV (all other conditions are identical) is 45€2/0. This is high compared to 15
(2/0 for epitaxially grown subcollector in a standard mesa DHBT. In an effort to
decrease the sheet resistance, the maximum implant energy is increase to 200 KeV
to increase the implant depth. FollowiiigrIM simulations, the distribution of the
implanted Si ions in InP is shown in Fig. 4.4 for the implant conditions given in
Table 4.1.
This is a multiple energy-multiple fluence implant.
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Figure 4.4: Concentration profile of Si in InP for implant conditions in Table 4.1

e The fluences and energies are chosen so as to obtain an overall concentration
of > 2x10'? over~ 250 nm. For epitaxially grown InP, the sheet resistance of
such a layer would be- 152/0. The low energy component of the implant
to ensure high doping at the surface for a good ohmic contact. This energy
also ensures that the thickness of the.V, implant mask is not excessive:(

1 um). The implant fluences are kept within the known amorphization limits
of Siimplants in InP [8].

e All implants are done at an offset angle ¢f @ prevent channeling through
the substrate.

e During these implants the substrate temperature is maintained &t 0®
minimize the crystal damage due to implant.

e During these implants the current is always kept belowu®) so that the
substrate does not suffer from additional heating effects.

At this time, the highest known commercially available energy for Si implant at 200
°C is 350 KeV. In order to simplify the design of the implant mask and the process,
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Table 4.1: Implant conditions for basic, implanted subcollector HBT process

Implant species Implant energy| Implant fluence | Offset angle| Implant temperature
Si 200 KeV 3x10' ions/cn? 7° 200° C

40 KeV 8x10'3 ions/cn?

10 KeV 3x10'3 ions/cnt

Lions < 10pA

the above conditions are chosen for first generation transistors in this process. This
is shown to yield sufficiently low values ak,,. Extensive discussion on implants
in InP etc. has already been provided in Chapter 3

Sheet resistance

After this implant, a high temperature anneal is performed and the sheet concentradion(
mobility(u.,), activation{to) and sheet resistance of samples, for the above implant
conditions, are determined from standard four point Hall measurements and shown
in Table 4.7. 800C for 30 seconds was chosen as the activation anneal for all Si im-

Table 4.2: Hall measurements of resistivity and mobility for Si implants

Anneal temperature Anneal time| Hall mobility | Carrier density| Sheet resistance
§) (s) (cm?/V - 5) (cm™) (©/5)
800 30 722 3.3x10™ 26
850 15 900 3.1x10" 22

plants. The activation is 60 %. The mobility is lower, and sheet resistance higher,
when compared to epitaxially grown InR (1000cm?/V - s). Calculations of col-

lector resistance showed that it is still dominated by the contact resistivity. Hence
these implant and anneal conditions were chosen as a starting point. The anneal at
850° C for 15 seconds, yielded a lower sheet resistance but the quality 6§11,

cap was compromised giving rise to several anneal defects as seen in Chapter 3. The
sheet resistance obtained from Hall measurements correlates with sheet resistances
measured using the transmission line method (TLM).

An anneal at 800C for 30s gives a resistance &f25 2/0. It will be seen in
Chapter 5 that the defects from the various dry etches and Si implant are sufficiently
annealed out for these conditions. After implant and anneal, the active device layers
are grown. There is no thick buffer as in a standard mesa DHBT process. From
Atomic Force Microscopy(AFM) surface scans, the mean surface roughness for var-
ious anneal conditions. After annealing at 8@for 30s, the mean roughnessis 1.8
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nm. Virgin SI InP has a mean roughness@df.4 nm. AFM scans are also performed

to evaluate the uniformity of the surface after implasit, NV, is the implant masked

and is dry etched to open up the regions where Si is to be implanted, as seen in
Fig. 4.3. The implanted surface is subjected to ion bombardment during dry etching
and implantation. It is critical that the surface is fairly planar before growth since
MBE involves line of sight deposition and hence growth in trenches is not straight-
forward. Fig. 4.5 shows a scan of such a selectively implanted section. The scan
indicates rms planarity of 5nm.

Section Analysis

|
l|'1 '.J AN

Spectrum

Figure 4.5: AFM scans of selectively implanted sections
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Device Isolation
1pm thick Si, N, is the implant mask and from Fi@?in Chapter 3, this is seen

to be sufficient to stop Si at the chosen conditions. Higher enerdlgicker Si, N,

80um ohmic pads seperated by 5um

P e
T T

Leakage current [pA/Jum]

P
T

3 2 1 0 1 2 3
Voltage [V]

Figure 4.6: Device isolation between ohmic pads separated.my 5

implant mask=- unknown photoresist recipes to dry etch thitk N, in the reactive
ion etcher (RIE) available at UCSB.

TLM patterns are formed to test the isolation of these subcollectors and hence
the effectiveness of th&i, NV, implant mask. Si is implanted under th&"* ohmic
pads. Following activation by high temperature anneal, ohmic contacts are formed
to InP. From Fig. 4.6, the leakage current in the regions masked during implant is
pA/um at 3V, where the ohmic pads were separated;bop.5

4.1.2 Collector ohmic contacts

In a standard mesa DHBT process, collector ohmics are formadto6.5 nm
Ing 53Gag.47As to obtain low contact resistivities ef 10Q2- um?. As will be detailed
in the next section, in the implanted subcollector DHBTS, lilvg,sGag 47As layer
is undoped and merely used as an etch stop layer. Collector contacts are made to
N** InP formed by the Si implant. Collector resistance is of a mesa DHBT with a
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two sided collector is given by Eqn.2.3 in Chapter 2 ,

R. = Rc,contact + Rc,gap + Rc,s;m"ead (410)
1vpe Ban
Re=o=7—

wherep.. (Q-um?) and R, , (2/0) are the specific contact resistivity and sheet resis-
tance of the sub-collector. WitR,, , ~ 25€2/0, base-collector spacing of 0.an,
base mesa width of 1.34m, contact resistivity> 102 - um?, and assuming that the
collector contact width is> L the ohmic transfer length, the various components
of R, are given by

R contact = 8K - pm, Re gap = 62 - pim, Re spreaa = 2.88) - pm (4.1.0)

The contact resistance dominates even for contact resistivities as lowf s .
Since collector contacts are made to wide bandgap InP, contact resistance assumes
significance.

The effect of collector contact resistance on digital logic speed is given by,

AV,
I,

f(;iK o4 Cop - ( + Rc,contact) (410)
At the current scaling generation [4], fdxV,,. = 300 mV at an operating current
of 7. =5 mA/um, the load resistanc®; = AV, /1. is 402 - um. The collector con-
tact resistance is in series with this load resistance. For the above VRIU§S .
constitutes~ 16 % of the delay term given by Eqn.4.1.2. Similarty,, - R contact
delays reducé, and f,,q..

Collector ohmics are made ty** InP. Since the barrier height are larger for
wideband gap semiconductors, alloyed ohmics(AuGe) are typically employed to
contact wide bandgap semiconductordu ssGeg.12 forms a eutectic at 365C.

In GaAs, the Au reacts with GaAs leaving behind a large concentration of Ga va-
cancies and Ge diffuses, occupies the Ga sites and heavily dopes the underlying
semiconductor N-type[9]. A thin interfacial Ni(1-5 nm) is used as the wetting layer
and also serves to enhance the diffusion of the GeAu alloy[10]. However, the ex-
act mechanism of ohmic formation with alloyed contacts is not well understood in
N-InP.

Non alloyed ohmics such as TiPtAu to N-type InP typically yield high contact
resistivities~ 8002 - um? [11]. Sputter cleaning, with an inert gas, the surface
before contact metal deposition reduces the contact resistivity of such non alloyed
ohmics to~ 40 - um? [12]. This is attributed to the formation of In rich surface
that is degenerateliyy *+ doped. In contrast, alloyed GeAu ohmics yield low contact
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Table 4.3: Contact resistivity of various metalization schemes to Si implanted InP

S.No Metalization Anneal R, Pe
(°C) (©/0) | (- pm?)

Ni(20nm)/Ge(50nm)/Au(50nm)/Ni(20nm)/Au 300 23 90-100
Ni(5nm)/Ge. 12Au(~80nm)/Ni(20nm)/Au not annealed 16 200-230
320 16 45-50
360 16 25-30
400 16 12-18
Pd(3nm)/Ti(17nm)/Pd{¢17nm)/Au 300 10 75-100

Ge(1nm)/Ni(5nm)/Ge(50nm)/Au(50nm)/Ni(20nm)/Ap

N~Njlo|jo|b~|w

1. Siimplanted and annealed with the conditions given in subse@fon
2,4. Siimplanted at a higher energy325 KeV and annealed so th&t;, ~ 15Q/0
3. Epitaxially grownN ** InP subcollector, with, ~ 10Q/0

resistivities to Si implanted InP of 7 - 10Q) - um?. The low energy component(10
keV) of the Si implant employed here (see previous section) ensures a high surface
doping for low contact resistance. Since collector contact formation to InP is not
trivial, several experiments are carried out and the results are summarized in Table
4.3.

It is seen from the above data that the lowest contact resistivity is obtained with
the AuGe eutectic annealed at 400. However, it is seen that such anneals of the
collector ohmics results in an increase in the base and emitter resistivities and is
shown in Table 4.4. Further for alloyed ohmics, high anneals result in pits and poor
surface morphology of the metal contacts.

Annealing at or above 36TC causes the base contact resistivity to substantially
increase. The base is doping graded frori 8" to 5x 10! from the emitter side
to the collector. As the anneal temperature increases, the thin interfacial Pd diffuses,
and forms contact with lesser doped material. The Pd and Ti can diffuse through
the thin base at sufficiently high anneals. Shown in Fig. 4.7are plots of the base
collector leakage current showing the effect of the various anneals. At@0the
base metal nearly shorts the collector. GeAu contacts require anneals above the
eutectic temperature to obtain low contact resistivity. As seen from the above table,
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Table 4.4: Contact resistivity of base, emitter and collector ohmics at various anneals

Anneal Emitter p,. Basep,. Collectorp,
°C (€ - pm?) (€2 - pm?) (- pm?)
Ti(20nm)/Pd(40nm)/Au| Pd(3nm)/Ti(17nm)/Pd(17nm)/Ay Ni(5nm)/Ge).12Au(~80nm)/Ni(20nm)/Au
unannealed 5 12 200-230
320 5 18 45-50
360 5 55 25-30
400 50 270 12-18

Ni/Ge/Au where ge and Au are deposited as separately yields the lowest resistivity
at 300°C. For the initial process runs, these were chosen as collector contacts. This
is similar to regular non-alloyed contacts. In order to use the GeAu eutectic, the
base and collector ohmic processes need to be revised. Either the base ohmic must
be redesigned to withstand high temperature anneals or new collector ohmics must
be developed tav** InP that yield very low contact resistivities without the need

for an anneal.

4.1.3 Alignment targets

All features are defined by lithography using the i-line (365nm) GCA wafer step-
per in UCSB nanofabrication facility. As HBT feature sizes are scaled, alignment
becomes critical. With the Dark field alignment system(DFAS) on the GCA stepper,
alignment error better than 0.15 um is achieved. This system delivers the best align-
ment, when there is sufficient contrast between the targets and the field. This requires
the targets to be at a significantly different height from the field. The first step of the
implanted subcollector HBT process, consists of creating alignment targets subse-
guently used to align the wafer so as to correctly define features for the subcollector
implant. The alignment targets must withstand the dry etch, high temperature (800
°C) processing steps and MBE regrowth and must have sufficient contrast. Etching
into the substrate is the most straightforward method of forming alignment targets.
However, the fear that subsequent growth might reduce its step height and affect its
contrast precluded its usage. The0.7 um emitter metal also defines targets in a
standard mesa process and provides excellent contrast for precise local alignment.
However, most metal targets, such as Ti or Au are not compatible where a high tem-
perature anneal is required [13]. The refractory metals, Tungsten, Molybdenum and
Tantalum seem to be excellent choices. Molybdenum is etched in BHF which is used
to remove theSi, N, implant mask while Tantalum deposition is not straightforward

77



CHAPTER 4. IMPLANTED SUBCOLLECTOR DHBTS

100 10° 4.2
1010‘3%___ ---------------- 400C
110° "'\-«r‘__ ---------
< 10010° e \3\40 :

o
om
O

I before anh\\':\\
] ~)

110°

)

100 10”1 BC jn. =96X129 pm

10 10° +————————t—t——
3 -25 2 15 -1 -05

Ve M

Figure 4.7: Base collector leakage upon annealing

and it is highly toxic. Hence the only viable option was Tungstéf.(

Purel is a hard refractory metal with the highest melting point (3422 of
all metals. It has very low chemical activity at room temperatures and is attacked
slightly by most mineral acids. Owing to its high melting point and it refractory
nature,lV is used extensively in high-temperature applications. In the implanted
subcollector proces$) was not attacked by any of the acids or bases used. The
first process runs were carried out using W where /@x8Tungsten is sputtered and
dry etched to form the alignment targets. These targets however did not withstand
the high temperature anneal step to activate Si, and formed defective outgrowths
as shown in Fig. 4.8. Due to these outgrowths of metal, the DFAS local alignment
system did not recognize the targets. This presented a huge problem since fine align-
ment of < 0.15um was required which was obtainable reliably only by using the
DFAS. One option was to reduce the anneal temperature for Si activation but this
meant a compromise to device performance. Studies and analysis of these W targets
are carried out using energy dispersive x-ray analysis (EDX). Detecting the charac-
teristic fluorescence x-rays emitted from the sample as a result of excitation by the
imaging electron beam, elemental analysis using EDX is performed. Fig. 4.9 shows
the EDX spectra of the overhang metal features on the targets after anneal. A huge
Oxygen concentration is detected. Itis found that residual stress and structural prop-
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Figure 4.8: Tungsten alignment targets after high temperature anneal

erties of tungsten films, is a function of the sputtering gas pressure. There is also
found to be a strong correlation between the stress and the microstructure of these
films. The amorphous phase has been found to contain oVe/gen and is re-
ported to be metastabl&][ The thermal properties could thus be severely impacted
by the presence of large oxygen impurities in the sputtered Tungsten.

Element (Transition), Wt%, At%

C (K), 331, 973
0 (K), 2591, 57.14
W (M), 384, 074
P (K), 1421, 16.19
In (L), 5272, 16.20

Figure 4.9: EDX spectra of the defects on the Tungsten targets after anneal

Ti(10%)W was reported to be stable after annealing at 80Q15]. TiW alloy
has similar chemical properties to W. It could be easily dry etched and is not attacked
by any of the chemicals used in this process. Furthermore, these targets had better
contrast on the stepper’s local alignment system than W, which is a dull grey metal.
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TiW was sputtered at low pressures to a height@.3 um. These targets withstood
an annealing temperature of 8@ Tthey are stable(Fig. 4.10) after MBE growth,
and are resolved by the stepper’s alignment system.

x 500 x 1500

Figure 4.10: TiW alignment targets after high temperature anneal and MBE growth

4.1.4 Design of RF mask

The region where the base pad lies has to be masked during Si implant. Si has to
be implanted under the collector contacts and in the active device regior?ig.
The Siimplant also has to be present under the emitter junction. In actuality, it has
to extend beyond the length of the emitter junction due to current spreading. The
length of the subcollector mask is determined as follows.

Lsc = LE + Tc - Al’E - Axstraggle + QAxalign (410)

where Lg is the length of the emitter as on the photomask in Fig. 441y is
the longitudinal undercut of the emittef\z 44 IS the straggle due to implant,
Azaign IS the alignment tolerance. Since the subcollector and emitter are individ-
ually referenced to separate zero level targets, the alignment error doubles. The
implant straggle from TRIM plots is seen to be0.2 yum. With Axzg = 0.4 um,
Axalign = 02,um

Ly =Lp+T.—02 (4.1.0)

To accommodate collector thicknesses below 200 nm, the length of the subcollector
photomask is designed such that, = Lg. In order to compare the effectiveness
of the subcollector implant process, the base pad is not isolated in some devices, so
that the region under the base pad is not masked during implant.
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— ]

|_<——Dbase pad

Figure 4.11: Layout of implant mask, seen with the emitter, base and base access
pad

4.2 HBT design for implanted subcollector

The design of each layer in an HBT is detailed in Chapter 2 . With the litho-
graphic capabilities available at the time Qué features can be reliably processed
at UCSB, even for complex ICs. The implanted subcollector DHBTs have signifi-
cant performance advantages when devices are scaled. However, the first generation
transistors are intended to compare the advantages of this process against the mesa
technology. In order to make intelligent assessments, performance comparisons has
to be made against existing transistor results. Fast HBTS have been reported at
UCSB, with collector thicknes$: = 200nm [16], 150 nm [17], 120 nm [3], 100 nm
[18].

Static frequency dividers wittAV,,,,. = 300 mV, demonstrated a maximum
clock speed of 140 GHz[4]. These hav&’g/I. of ~ 0.5 ps/V. As stated earlier,
C,, reduction techniques results in superior bandwidth of digital logic circuits and
the best performance metric for implanted subcollector DHBTSs is maximum digital
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logic speed. The minimum voltage swing is given by,

kT
AViogic 2 2Je * Pe + 67 (420)

A typical value of emitter contact resistivity repeatedly obtaineg.s~ 10 €2 -

um?. 1f J, ~ 8mA/um?, J. -% ~ 80 mV. The device operating temperature-ds
400K, therefore 6kT/g~ 200 meV. The noise margin is only 20 mV. There for
these values of contact resistivity, the maximum operating current density has to be
maintained below 8» A /um?. Furthermore the maximum operating power density

of the ECL dividersisv 1.1V x 8 mA/um? ~ 9 mW/um? and such power densities
should be supported in the layer designs.

As stated earlier, in order to compare against existing technology, the emitter
and base layers for the first generation implanted subcollector DHBTSs are identical
to the mesa DHBTSs reported [3]. The emitter base junction is abrupt, also due to
ease of processing. (Selectively wet etchinigh@s2 Al 4sAs- Ing 53Gag 47As grade
is not straightforward). The base is designed to be 30 nm. For the contact metal-
lurgy used and doping levels obtainable, this offers the best compromise between
7, and Ry,. The collector design was an open choice. However, the maximum op-
erating current density has to be kept below:8!/um?. 120nm collectors have a
maximum operating current threshold ©f8 mA/um?. From the scaling laws, in
order to maintain the highest current density and lowgst 120 nm is the preferred
choice. The minimum resolvable lithographic limit with good device yield for ICs
at the UCSB nanofab facility, at this time4s0.6 ym. Minimum repeatable contact
resistivities obtainable aré; ~ 10 - um?. The lowest base resistivity for state of
the art C doped, MBE growi 53Gag 47As layer is 182 - um. For 30 nm bases,
this yields an ohmic contact length ef 0.13 um. With an alignment tolerance of
0.15um, the base ohmic has to be at least/3wide on either side of the emitter
for low base resistance. For dividers, the emitter widths are designed:tothan
the present lithographic of 0 &m.

With new lithographic capabilities acquired recently at UCSB, and in conjunc-
tion with better specific contact resistivities that have been recently obtained, the
implanted subcollector DHBTs will greatly benefit future laterally and vertically
scaled transistors.

4.2.1 Design of InGaAs etch stop

In standard mesa DHBTSs, th€*"" subcollector is a composite structure and
consists of highly dope@&** 6.5 nm InGaAs over 300 nm InP. Thé** InGaAs
serves as the contact layer and also as an etch stop to selectively stop on the subcol-
lector during the second mesa etch.
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In the implanted subcollector DHBTSs, the™* InP is selectively implanted.

NT* InGaAs cannot be present on these implanted subcollectors. This layer which
if presentandV+** doped, will form a terminating electrode under the base pad. This
negates the entire idea of having selectively implanted" regions to eliminate

the base pad capacitance. However an InGaAs layer is required as an etch stop.
Therefore this InGaAs layer has to be necessarily undoped.

The InGaAs layer is to be sandwiched between InP layers and has a conduction
band discontinuity of 0.25 eV with InP. A thin layer of InGaAs therefore forms a
quantum well of electrons with a depth of 0.25 eV. It is critical that there be no
electron/hole pile up in this quantum well. This means that the ground level for
electrons in the quantum well must be much higher than the electron Fermi level.
For a quantum well with infinite barriers, the ground state energy is given by

h27?

By= 2T
0 2m; L2

(4.2.0)
where L is the thickness of the quantum well. By reducing the thickness of this
well, the ground state energy can be increased. But, for a finite well, it can be shown
that there always exists atleast one energy level. It can be shown that the number of
levels [19] is given by,

2k,a

™

The ground state energy level for a quantum well of finite depth is given by,

N=1+Int

(4.2.0)

h2k2

Ey = (4.2.0)
2m}
where the wavevector k is defined by
kL
vy koL (4.2.0)
andk is given by
2MV,
ko = 70 (4.2.0)

Vo is the height of the well, hergy = AE, = 0.25¢V. For example, in the extreme
case of L=0,t, = V. ForL =oc0, By = 0. Thus0 < E, < V;; there is atleast

one energy level in a quantum well with finite barriers. Simulations were carried out
in 1-D Poisson to calculate the electron concentration in the InGaAs quantum well
for quantum wells of width = 4nm and 5nm, and shown in Fig. 4.12. The InGaAs
layer has to be thick enought to be an effective etchstop during the wet etching of the
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InP collector. The ground state energy level is 0.13eV above the Fermi level for an
InGaAs layer of thickness 4 nm while the electron concentratien@s< 101> which

is much lower than the collector doping ef 3x10'6. The undoped InGaAs etch
stop layer is designed to be 3.5 nm.
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Figure 4.12: Electron concentration and Ground state energy level of quantum wells
(4nm and 5nm) of UID InGaAs sandwiched between the collector and Sl InP
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4.3 Large area HBTs with implanted subcollector

In order to evaulate the layer structure, and growth on implanted substrates, SI
InP is blanket implanted with Si at the conditions given Table 4.1. The wafer is an-
nealed at 800C for 30 sec and subsequently growth was done by MBE at UCSB.
The HBT layer structure consisted of a 150 nm collector and 30 nm base. Large
area devices are fabricated where the emitter, base and collector are defined by 2
wet etches, followed by a single, common metalization (PdTiPdAu). From TLMs,
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Figure 4.13: DC characteristics and base-collector leakage

the specific contact resistivities are 500 xm? while the base sheet resistance is
very high~ 3600(2/0. This is believed to be due to the surface depletion-of
10 nm and chiefly due to miscalibration of the base Carbon doping and is corrected
in subsequent growths. Fig. 4.13 shows the gummel characterisitics of these large
area HBTs. These devices show a gaireof0. This high gain is further indicative
of lower Auger recombination and hence low base doping. The plot on the right in
Fig. 4.13 indicates that the leakage current at 2% i8x10~% mA/um?. Extrapo-
lating this for small area devices with a base collector area of 8.3um?, Iczo
is~5.6x107° mA and/cgo is ~ 3x 1072 mA which is a very low compared to op-
erating currents of 10 mA and is hence indicative of a low base collector leakage
and hence good growth on these implanted susbtrates. The very high base resistance
is evident from the deviation from exponential charcterisitics even at moderate base
emitter forward bias voltage of 0.8V.

Fig. 4.14 shows the Capacitance Voltage(CV) characteristics and the doping pro-
file of the collector is extracted from the CV data. The data measured from the large
area devices clearly illustrate that growth on implanted substrates is comparable to
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Figure 4.14: CV characteristics and doping profile

fully epitaxial structures.

4.4 RF process and device results

Large area devices have shown low leakage and good DC gain. Small area de-
vices were processed with the layer structure shown in Table 4.5.

4.4.1 RF process

TiW alignment targets are defined, and following the process describgtl in
and surface treaments elucidated in Chap®rgrowths were carried out 8tC'S B’s
MBE facility. A brief description of the process after growth is given below. The
details are given in Appendi®?. The emitters are accurately aligned to the TiW
alignment targets. Alignment targets are also defined with the emitter metal and all
further alignments are referenced to these. The emitter layer is then wet etched down
to the base~ 0.2um Base contacts and a base post.df m are deposited. Fol-
lowing this, the base mesa etch is performed down to the implanted InP subcollector.
Collector contacts are defined using Ge/Ni/Ge/Au/Ni/Au. These were annealed only
at a temperature of 30@ to notimpact the base contact resistivity. After the collec-
tor post is deposited, the wafer is planarized with Benzo Cyclo Butene(BCB) which
is etched down to barely expose the metal posts. 100 nf.af, is deposited to
improve Metal-1(M1) adhesion and to form capacitors. The first level of intercon-
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nect M1 then contacts the devices after forming viasinV,. Devices are tested
after this metalization step.

4.4.2 Device Results - Si Implanted subcollector DHBTs

The complete layer structure in the active device region are given in Table 4.5.
The corresponding band diagram is depicted in Fig. 4.15. The projeGtgd =
7 mA/um 2 atV, = 0.0 V andJg;, = 11 mAjum 2 at V, = 0.6 V. The expected
capacitance per unit area from FRRis ~ 1 fF'/um?.

Table 4.5: Layer structure: Si Implanted subcollector, 120 nm collector, 30 nm base
| Thickness (nm) Semiconductor CompositiohDoping (cn®) | Description |

5 INg s5Gay 15AS >4-10Y:Si | Emitter cap
15 In,Ga, _,As 4.10":Si Emitter cap
20 INg 53Gay 47AS 4 -10":Si Emitter cap
80 InP 3-10Y:Si Emitter
10 InP 8- 10'":Si Emitter
40 InP 5-10'":Si Emitter
30 InGaAs 4—7-10":C Base
15 INg 53Ga 47AS 3.25 - 10'0:Sij Setback
24 InGaAs / InAlAs 3.25-10'°:Si | B-C grade
3 InP 3-10*%:Si Delta doping
78 InP 3.25 - 10'0:Sij Collector
3.5 INg.53Ga&y 47AS undoped Etch Stop
Substrate Siimplanted InP Subcollector

The TLM measurements of the collector and, of the pinched and non-pinched
base TLMs are given in Fi@?. Isolation between ohmic pads seperated by.d0D
is ~ 20 pAlum.

Fig. 4.17 is a plot of the DA~ — V- characteristics. There is no evidence of
gain compression tilkk 9 mA/um?* atV,, = 0V. The Gummel curves are plotted for
Vu =0V andV,, =0.3V Fig. 4.18. The collector and base ideality factors:are
1.15 andy, = 1.65. These are in line with those obtained for fully epitaxial DHBTSs.
The leakage curretdt o from the gummel curves ks 90 pA atV,;, = 0.3V. The DC
current gain of the transistor £/I, from the gummel curves is shown in Fig. 4.19.
The HBT's gain compression pointis 6 mA/um? atV,, = 0V and 7mA/um? at
Vcb =0.3V.

Shown in Fig. 4.20 aré-ro andIcgo. Icgo is collector-emitter leakage with
the base open and defines the Common Emitter Breakdown VolRge;0. Icso
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Figure 4.15: Band diagram of Implanted subcollector DHBWVat= 0.8V andV/,
=0.2v

is the collector-base diode leakage with the emitter open and defines the Common
Base Breakdown VoltagBV:po. It can be shown thal-zo = 3 Icso and hence
BVego is usually smaller than the common base breakd@vp o .

Typically breakdown voltages are defined at a certain currentsay = 50 LA.
By this definition,BVoro (at 1. = 50 pA) = 4.3V and BVpo = 5.2V. As detailed
in Chapter 2 , withV,. spacings of 1ImV and,, = 0V and 0.1V, the resistance as
seen in the emitteR., + R,/ is derived from gummels and plotted as function of
current density Fig. 4.21. The decrease at low current densitids{ 3 mA/um?)
is an artifact due to the exponential curve fitting/to However at medium current
densities,R., + Ry,/[3 is seen to decrease. This is due to two effects- the increase
in current gain and more importantly decrease of base resistance at medium-high
current densities. At these current densities, the base current is partly carried by
electrons [20]. The thermal resistance can also be derived. Plotted in the right
hand side of Fig. 4.21 is the thermal resistafgg; ¢ (also referred to a®;;, are
derived. The thermo electric feedback coefficientfor InP/InGaAs DHBT, at 1
mA/um? is ~ 0.001 mV/C [21]. From this the thermal resistance at:4 /um? is
2.1 deg K/mW. The collector resistance is extracted fronfgheV g characteristics
of the transistor at saturation, using the Fixeédnethod described in Chapter 2
and is plotted in Fig. 4.22. This method returns the collector plus emitter series
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Figure 4.16: Base and Collector TLM measurements

resistance. Since the emitter resistance is already kn@wns= 3 €2 the collector

resitance is determined to be12 (). The device DC current gain, ideality factors,
and collector leakage current are consistent with those measured from the triple-

mesa HBT equivalent [3].
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Figure 4.18: Gummel curves &f, = 0V and 0.3V
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Figure 4.19: DC gain of the HBT at, = 0V and 0.3V
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Figure 4.22: Extraction of Collector resistance
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DC-45 GHz S-parameter measurements are carried out after performing an off
wafer Line-Reflect-Reflect-Match calibration on an Agilent 8510C network ana-
lyzer. On-wafer open and short circuit pad structures identical to the ones used
by the devices are measured after calibration in order to de-embed their associated
parasitics from the device measurements. Shieldédity probes are used for mi-
crowave measurements. Their superior field confinement reduces unwanted cou-
plings to nearby devices and transmission modes. The unilateral power gain, U and
short circuit common emitter current gainy fare plotted in Fig. 4.23. Extrapolat-
ing these at 20 dB/decadg, and f,,., are obtained as the frequencies at which U
and hy; are O dB respectively. Thg,.. and f. are lower than the standard, fully
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Figure 4.23: Microwave gains of Si implanted subcollector DHBTs

epitaxial, triple mesa DHBT. The base resistance is higher for these DHBT)s(45
vs. 35(2), since these were grown at UCSB where there are difficulties obtaining
a high Carbon doping and hence lower base resistivity. Further, the collector resis-
tance is higher (10 vs. Z2) due to the poor ohmic contact. The capacitance voltage
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characteristics of the implanted subcollector DHBTY at O mA, are plotted and
compared with the standard mesa equivalent in Fig. 4.24. From the figure, contrary
to the expected reduction, th&,, is the same as that of the standard triple mesa
device lower voltages. Th€', is the same for the standard mesa device and the
implanted subcollector DHBTS til-0.6V. C 44 is thus not eliminated. As seen
from the CV plots, the capacitance of the implanted subcollector DHBTs where the
pad is isolated progressively decreases with increasing bias. This is not seen in the
triple mesa equivalent where the collector is fully depleted &tV and the reduc-

tion in capacitance due to the Debye tail is negligible. In order to investigate this
phenomenon, CV measuremenfs £ 0 mA) are made of devices where the base
access pad is not isolated and plotted in P@. The devices where the base access
pad is isolated is similar to a standard mesa DHBT with a base access pad capaci-
tance, since the Siimplant is also performed in the regions under the base pad. Itis
seen from Fig??that this capacitance decrease at high bias voltages is not observed
for implanted subcollector DHBTs where the base pad is not isolated and closely
follows the CV profile of the standard mesa DHBT. This data suggests the presence
of some interface charge under the base access pad. This charge is progressively
depleted at high collector base bias voltages and hence a reduction is seen in devices
where the pad is isolated as in Fig. 4.1. The DC results compare with the standard
mesa DHBT and hence indicate the feasibility of manufacturing microwave HBTs
on implanted substrates. The RF results indicate that the exp€gteeduction due

to isolation of base access pad by implant is not present at low bias voltages. The
capacitance due to the base access 0agd.q is thus not eliminated at these volt-
ages. This is attributed to an N-type charge at the growth interface which is depleted
at progressively higher biases. The elimination of this interface charge is there-
fore crucial to the theoretically predicted operation of these implanted subcollector
DHBTSs.

4.5 Interface charge

It was seen from the previous section that there exists a positive interface charge
that acts as terminating electrode for the base-collector electric field. This charge,
if left uncompensated, results in incomplete depletion and hence no reduction in
extrinsicC,. Coppaa 1S thus still present in this bias range (#3V). The inter-
face charge is depleted at high bias voltagegt{/) and hence there is a reduction
in capacitance at those voltages. However, this is not very useful for bandwidth
enhancement in transistor operation in InP based circuits.

The origin of this unintentionally introduced N-type conduction in exposed InP
surfaces(epitaxial or substrate) is identified to be Si impurity states [22, 23]. These
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Figure 4.24: Capacitance voltage characteristic§, at0 mA, of implanted subcol-
lector DHBTSs with the base pad isolated

are verified by sheet charge measurements and SIMS. The Si donor states are formed
as result of processing and also due to the ambient Si. Rhe Si atom sheet concen-
tration was found to be proportional to the time of exposure to ambient air. The
concentration of these Si donor states is thus heavily process dependent and is in the
range of 102 - 1x 103 cm~2. This interface charge is also responsible for parallel
conduction at the substrate interface in InP based HFETS. Itis the cause of the low
turn on, increased resistance and high capacitance in p-i-n InP based photodetectors,
where the p layer is regrown and the interface charge is present on the surface of the
i-layer. Regrown HBTs with implanted pedestals reported at UCSB [24] also suffer
from this charge at the regrowth interface which resulted in no capacitance reduction
at low bias voltages.

Several methods have been utilized for reduction of this interface charge, includ-
ing advanced surface clean procedures [23], annealing in a phosphine ambient [22]
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and overgrowth of a charge compensation layer [25]. This interface charge is pro-
cess dependent and full compensation might not be possible with process techniques
or an empiricap™ compensation layer.

4.5.1 Insufficient charge compensation with @™ overgrowth

The interface charge is also present on epitaxially grown UID InP layers, as part
of the pedestal process developed at UCSB [25]. Starting with a grown template of
200 nm UID InP over 300 nnv*™ InP, Siis selectively implanted to form as™ "
pedestal. The active collector, base and emitter layers are then regrown. Interface
charge is present on the 200 nm UID epitaxial InP prior to regrowth and has the
same effect as here. An empirically determingd Ing 53Gag47As compensation
layer was overgrown. In order to check the levelpof~ doping required for com-
pensation, various levels pf ™ Ing 53Gag.47As from 2.5-7.5x10'® cm=3, and a test
sample with undopetn, 53Gag 47As, are first overgrown on the template. This is
followed by growth of the active device layer stack - the 120 Nm drift collector,
base and emitter. This device has a 120 nm collector on UID InP and with sufficient
compensation has a depletion depth of 320 nm. This is identical to the extrinsic
region of the device in the regrown pedestal process [25]. Large area HBTs are
fabricated and Capacitance - Voltage measurements indicate the extent of interface
charge compensation. Fig. 4.25 shows the CV plots of the extrinsic device region
with various levels op™" compensation layers. As a result of interface charge, the
layer without gp** Ing 53Gag 47As layer has the largest capacitance at low bias volt-
ages. The™ Ing 53Gag47As layer doped, in different samples, from 2.5-%%0'®
cm~3 incompletely compensate the interface charge as seen in the partial reduction
in capacitance. The capacitance at 1V, for the layers withoutlagy;Gag 47As
overgrowth is~ 33 fF while the The capacitance at 1V, for the layers with 4 nm, 7.5
x10*® cm™2 Ing 53Gag.47As overgrowth is~ 23 fF. Since the collector thickness is
120 nm and the thickness of the UID InP layer is 200 nm, if the interface charge is
fully compensated, the expected capacitance when the collector is fully depleted is
~13 fF. The tail inthe CV at high biases indicates that the interface charge is insuffi-
ciently compensated and gets progressively depleted with increasing base collector
voltage. As seen from the charge profile extracted from the CV data, there is a
charge buildup at the growth interface, despite the 4 nm, 5e18In( 53Gag 47As
compensation layer. These results indicate that the empijricalayer is not a good
solution to compensate the interface charge.
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Figure 4.25: C-V measurements of HBTs where active device layers are grown over
a 200 nm UID InP/300 nniV*+* InP template. Various levels @f ™ Ing 53Gag 47As

layers are overgrown as the first layer on the template to determine thdoping
required to compensate interface charge
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Figure 4.26: Interface charge density on 200 nm UID InP/30Qwint InP template
with 4 nm of 5x 10 cm™3 p™+ Ing 53Gag 47As overgrowth
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4.5.2 Interface charge compensation using Fe implant

A new, robust technique is introduced in this dissertation wherein Fe implan-
tation is used to eliminate this interface charge. As discussed in ChzpteFe
is a mid-gap acceptor in InP and serves to compensate the donor states. Thus by
sufficiently compensating the Si donor states with Fe, the N-type conduction at the
interface is eliminated. The process thus involves, implanting a blanket sheet of Fe
to compensate the interface charge. The subsequent selective Si subcollector implant
then defines the isolated subcollector a§??

The band diagram of thg*" Ings3Gag47As and N~ collector region under
the base pad is shown in Fi@? when there is an N-type interface present and the
corresponding simulated CV profiles are shown in P/@.To first order, the electric
field in the collector corresponds to,

E(‘/;b + ¢bz) — .+ NCTC
qT. ° 2

(4.5.0)

wheren is the regrowth interface charge density, is the doping in the drift col-
lector, andTr. is the thickness of the drift collecta,,; is the built-in potential of the
base-collector junction anid,, is the base-collector reverse bias voltage. In order to
ensure complete charge depletion at the regrowth interface in the region under the
base pad area
e(Vap + i)
q1

wherenr, is the density of active Fe in cm. If the collector is so designed as to be
fully depleted at zero bias, then

N.T.
+ npe > ns + 9 (450)

€¢bi o NCTC
qI. 2

(4.5.0)

Thereforenp. > n, for full charge compensation, even at zero bias. The Fe implant
conditions are chosen to satisfy the above requirement. The conditions for the Fe
implant are as follows

e The Fe implant conditions should be selected to fully compensate the N-type
charge at the growth interface between the substrate and collector epitaxial
layers, over the observed 1>510'? cm~2 range of regrowth interface charge
densities.

e Some of the surface is unintentionally attacked during various process steps.
The Fe implant should be therefore be sufficiently deep.
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e Feis a heavy ion and causes significant damage to the crystal. This should be
completely annealed out before growth.

e The Feimplant should not be very high since the subsequent Siimplant should
overcome the Fe doping to form a highly** subcollector for the active
device regions.

A experiment, similar to the one i§4.5.1, to check C-V curves of large area
devices is performed to verify the compensation of interface charge by Fe. In order
to determine the Fe doping required for complete compensation, Fe is implanted,
at 50 KeV at three different fluences in a similar grown template, 200 nm UID InP
over 300 nmN** InP. These were then annealed at 7G0for 5 minutes, which is
shown in Chapter 5 to be sufficient to repair the lattice damage due to Fe implant
for fluences below 2410 ions/cn?. The active layers(with a 150 nm collector)
are immediately grown after the Fe implant. Since the Fe implant is intended to
compensate the interface charge, these do not have a compepsatiogergrowth.

Large area devices are fabricated to determine C-V characteristics . A fully epi-
taxial, standard DHBT with similar active layer structure is also co-processed for
comparison. From Fig. 4.27 it is seen that the capacitance is reduced over the entire
measured range of bias voltages, for all fluences of Fe. Thus the interface charge is
fully compensated even for a fluence as low asl@'* cm=2. Capacitance when
collector is fully depleted for fully epitaxial DHBT is ¥ F'/um?. Capacitance when
collector is fully depleted for Fe implanted, regrown DHBT is 0.A2/um?. This
corresponds to a depletion depth~f350 nm. 7..(150nm) + Tundopedrnr (200nm)

= 350 nm. The depletion depth is increased and capacitance is therefore reduced,
exactly as expected in the extrinsic device regions.

Fig. 4.28 and Fig. 4.29 shows further evidence of compensation of interface
charge by Fe implant at two different fluences. In LACVD 3 and LACVD 6, Fe
is selectively implanted. Since Fe is present only in the extrinsic region, current
blocking effects (if any) due to Fe traps are removed. In both figures, LACVD1 and
LACVD2 have similar profiles which is again proof that Si doping is sufficiently
high to counter compensate Fe that no shift in built in voltages are observed. In
LACVD5 and LACVDG6, the effect of interface charge is observed, where the capac-
itance starts to decrease~aV of reverse bias.
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Figure 4.27: CV measurements of pedestal templates implanted with varying de-
grees of Fe compared with a standard, fully epitaxial DHBT
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Diode & C-V characteristics

(abrupt E-B, 350A Base, 1200A Collector, Si 8e13 cm-2@130 keV - 4e13 cm-2@65 keV, 7°, 200°C, Fe 2e13 cm-2@115 ke} 07, 200°C)

g
10 T T r T T T T T v 10 ———g 17—

LACVDY: Agi = 70 x 70 = 4900 um’, AFe = 0 pm’ . LACVD1: Ccpen= 1.00 fFipm’ @ Vo= 2.0V
LACVD4: A5 = 5% 5= 25 ym’, Afs = 70 * 70 = 4900 ym’ LAGVD3: CFe= 0.37 fF/um’ @ Vbo= -2.0 V

107 /
8l
|Vr=-285V \n:tmsvl// o= LACVIN

10° £ ; 1] —e— LACVDZ
E —e—LACVD3
[ —a— LACVD4
10° b A —e— LACVDS
E
E 8 ——s— LACVDE

LACVD1

e
Pt

lbc (A)

e

Che (pF)

s B
h"--_.__q

Py
PRpTe SRS L

T

LACVD4 /

=) =)
&
T
]
—-ﬁi___'_‘_

T

10" 0 | i
4 3 -2 -1 0 1 -2.0 -1.5 -1.0 -0.5 0.0 0.5
Ve (V) Vbe (V)
LACVD1 LACVD2 LACVD3 LACVDS LACVD6
Si: TOxT70 pm# Si; T0x70 pm?* Si: 5=5 pm? Si: 5%5 pm? Siz 5%5 pm? Si: No
Fe: No Fe: 7070 pm?® Fe: 70x70 - 25 pm?* Fe: 70%70 uym? Fe: No Fe: T0=T70/2 pm?

Figure 4.28: C-V’s of various test structures: Fe is implanted-at®? ions/cnt:
This data was obtained at RSC
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Figure 4.29: C-V’s of various test structures: Fe is implanted-at®® ions/cnt:
This data was obtained at RSC
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4.5.3 Large area devices with Si and Fe implants

The selective Si subcollector implant that follows the blanket Fe implant must
dope the regiodv*+. Large area HBTs are fabricated on templates with and without
Si implant. On one set of templates, the active layers(with a 150 nm collector)
are immediately grown after a 50 KeV, 282 ions/cnt Fe implant. It was seen
from the previous experiment that any fluenees sufficient for interface charge
compensation. One another set of templates, following the Fe implant, a blanket
Si implant similar to the one used for the implanted subcollector DHBT, is carried
out and the active device stack is then grown. A fully epitaxial, standard DHBT
with similar active layer structures is also co-processed as a comparison. Fig. 4.30
shows the C-V profile of the three different test structures. The std. mesa DHBT
with 150 nm collector has a capacitancex00.8 f F'//um? when fully depleted. The
HBT overgrown on Fe implanted template has a capacitance 034 fF'/m?.

In the intrinsic region under the emitter, tié" pedestal is present. This is exactly
represented by the large area HBT where both Si and Fe are implanted prior to
growth. The CV characteristics where Si and Fe are implanted, in Fig. 4.30, is
similar to the standard mesa DHBT. This is to be expected, since a blahket
pedestal layer is akin to A" subcollector layer. The built-in voltage of the base
collector junction of the pedestal HBT is similar to the fully epitaxial HBT. This is
the expected performance in the intrinsic portion of the device.
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Figure 4.30: C-V characteristics of standard fully epitaxial HBT, regrown HBT with
only Fe implant on 200 nm UID InP/ 300 ndW** InP template, and regrown HBT
with Fe and Si pedestal implants on 200 nm UID InP/ 300 Nt InP template
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Figure 4.31: Comparison of reverse base collector leakage characteristics of std.
mesa HBT, regrown HBT with Fe implanted on 200 nm UID InP/ 300 Nt InP
template, and regrown HBT with Fe and Si pedestal implants on 200 nm UID InP/
300 nmN** InP template

The base collector leakage for the regrown device with Si and Fe implants is
similar to a fully epitaxial HBT. The base collector leakage plot shows thg at
3V ~ 0.1 mA (10x107% mA/um?). For a microwave device with a base collector
junction of ~ 7 um?, Iczo and gain 0f~50, Icpo is ~ 3.5x 1072 mA/um?. This is
a very small leakage current at 3V. The DE — Vg characteristics do not shown
any current blocking due to the Fe implant. The offset voltages and breakdown
voltages are consistent with those measured for similar large area, fully epitaxial
HBTs. There is a high series collector resistance which is possibly due to low doping
in the pedestal(Si is implanted at 150 KeV % 20'3 ions/cn¥ to minimize implant
straggle which will be addressed in Chaptér).

Low collector contact resistivity and sheet resistance are obtaing@d?reven
with an Fe implant. Therefore the Siimplant sufficiently overcomes the Fe implant
to form anN** subcollector (or pedestal) and does not hamper the collector ohmic
contact.
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Figure 4.32: DC characteristics of regrown HBT with Fe charge compensation im-
plant and Si pedestal implants on 200 nm UID InP/ 300 Nm" InP template. The
device characteristics of the standard fully epitaxial DHBT is shown for comparison

4.6 Implanted subcollector DHBTs with Fe

The process is modified to have include a blanket shallow Fe implant. It was
seen from the previous section, that Fe implant with flueneebx 10%ions/cnt
is sufficient to compensate the residual interface charge. ?Pighows the profile
of the Fe at the implant conditions chosen, and also the Si subcollector implant.
A low energy Fe is chosen to minimize current blocking effects and to ease the
requirements on Si implants. Assuminrg 10 nm of the surface is removed, the
active Fe concentration is 1x10'* cm2. This is much larger than the observed
range of interface charge densities. The Si doping at the surface is designed to be
high enough to enable a low collector contact resistance.

The process flow of the implanted subcollector HBT with Fe is shown in Fig. 4.33.
A semi-insulating InP substrate is blanket implanted with Fe at 10 keV, at a fluence
of 2x10'? ions/cnt as in Fig.??a. The wafer is then annealed in the RTA at 700
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°C for 5 minutes to activate the Fe and to repair crystal damage. The process flow
that follows is identical to that of the implanted subcollector HBT without Fe, de-
scribed in§??. TiW alignment targets are defined. The sample is then selectively
implanted, usingi, NV,, as the implant mask, with Si. The Si and Fe implant condi-
tions are givenin Table 4.6. The Siimplants are activated by annealing <€ 803.

The Si implant dose is much larger then the Fe acceptor density in the selectively
implanted region. This ensures that a highly doped, isolated subcollector region is
formed. The base access pad lies outside the subcollector implant boundary and, in
the absence of interface charge, does not contributg,toThe active InP HBT lay-

ers are then grown by MBE. The device drift collector, base, and emitter layers for
both wafers are identical to that of the DHBTSs reported4m. As before, Growth

is initiated with a 3.5nm undoped InGaAs etch-stop layer between the InP collector
and the InP substrate. The drift collector, base, and emitter layers are grown. De-
vices are formed by wet-etching the emitter and base mesas. The collector contact
used is Ni/Ge/Au/Ni/Au as i§4.1.2 and are annealed at 320.

Table 4.6: Implant conditions for implanted subcollector HBT process with Fe

Implant specieg Implant energy| Implant fluence | Offset angle| Implant temperature

Fe 10 KeV 2x10'3 ions/cn? 7° 200° C
Si 200 KeV 3x10' ions/cnt 7° 200° C
40 KeV 8x10'3 ions/cnt
10 KeV 3x10'3 ions/cn?

Lions < 10pA

The sheet resistance of the subcollector with Si and Fe implant is determined
from Hall measurements and shown in TaBl2 The different anneal conditions

Table 4.7: Hall measurements of resistivity and mobility for Si implants

Anneal temperature Anneal time| Hall mobility | Carrier density| Sheet resistance
(°C) (s) (cm?/V - s) (cm™2) Q/D)
700 60 925 2.6x10™ 26
750 60 956 2.5x10™ 26
700 300 905 2.5x10™ 27
750 300 872 2.7x10" 26
800 10 710 3.3x10™ 27
800 30 886 2.8x10™" 25

shown here, all yield a subcollector sheet resistanc5-27 2/0. 800°C for
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30 seconds was chosen as the activation anneal for all Si implants. Ignoring the
effect of Fe, the activation isz 56 %. These are similar to the values obtained for
the implanted subcollector DHBTs without Fe. The surface Fe does not affect the
resistivity of the subcollector.
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Figure 4.33: Process flow of the Implanted subcollector DHBT with Fe
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4.7 Device Results - Si Implanted subcollector DHBTSs

with Fe

Large area devices have shown low leakage and excellent DC characteristics.
Small area devices were processed with the identical layer structure shown in Ta-

ble 4.5. The process has already been describgdl.énl.

The TLM measurements of the collector and, of the pinched and non-pinched
base TLMs are given in Fig. 4.34. The collector contact resistance is veryshigh
500 - pm?, while the sheet resistance is similar to that obtainegdi. Due to

the 320C anneal for the collector ohmics, the base ohmics also have high contact

resistivity of~ 1652 - um?. The Isolation between ohmic pads separated byrh0
is 20 pAjum. Fig. 4.35 is a plot of the DG — Vo characteristics. There is no

Collector TLM Base TLMs
17 400 y = 33.298 + 69.94x non-pinched TLM
350 y = 65.508 + 41.84x pinched TLl\a-'
161 R=8.9758 + 0.9875x "
2 451 / -.;: _____ E 300 7
e e =
o O 250+
3 14 - 3
2 2 200+
€134 £
o o 1504
124, 1004
1 1 —r T r [ . . T T [ Tt T T Tt [ T Tt 1T 50 T L T T LI
4 5 6 7 8 1 2 3 4
TLM spacing (um) TLM spacing (um)
Layers |R,(Q/sq) |p (Q—pm?) | p..([Q-pm) | L (um)
Base 1050 164 415 0.40
Collector 25 500 112 448

Figure 4.34: Base and Collector TLM measurements

[¢)]

evidence of gain compression ti## 7 mA/um? atV,, = OV. The Gummel curves

are plotted forV;, =0V andV,, =0.3V Fig. 4.36. The collector and base ideality
factors are). = 1.11 andy, = 1.58., consistent with those obtained for fully epitaxial
DHBTs. The leakage curreit zo from the gummel curves is 1 nA atV,, = 0.3V.
The DC current gain of the transistor/Z I, from the gummel curves is shown in
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Fig. 4.37. The HBT'’s gain compression pointis4 mA/um? atV, = OV and 6
mA/um? atV,, = 0.3V. At high current densitie$/c5;, = VCB, applied — I¢R,.
From the TLMs and the geometry of the transist@y,for this transistor is< 22 ().
At 1.~ 15mA, Vg, = VOB, applied - 0.3V. The base collector junction is forward
biased till Vg appiiea 1S ~ 0.3V. Shown in Fig. 4.38 aré-go and Icgo. The

25— )
i A =065x43um" g
_SOHA jbe
— 20 17
<t I i
é i _6 [
—o15 T ©
i 10 3
=4
10__ 13 %M
51 -2
B —_1
0 |||||J|| LI I I B O B B 0
0 0.4 0.8 1.2 1.6 2
V_(V)
CE

Figure 4.35: DCI- — Vg characteristics

breakdown voltages are definedlat= 1 mA. BVcgo = 5.6V andBVego = 6.9V.

For a fully epitaxial, standard mesa DHBT, the corresponding voltage8&re, =
5.5V andBV o = 6.8V atl. = 1mA. The resistance as seen in the emifter,+
Ryl is derived from gummels and plotted as function of current density Fig. 4.39.
Rylf ~ 1 Q) and thereforeR., ~ 8 (2. Also plotted in Fig. 4.39is the thermal
resistance),;, - ¢ (also referred to a&;;,). The thermal resistance atbA/um? is

2.6 deg K/mW. The collector resistance is extracted fronfgheV g characteristics

of the transistor at saturation, using the Fixedethod and is plotted in Fig. 4.40.
The emitter resistanceR., ~ 8 (2, the collector resistance is determined toh22

2, consistent with the value calculated from TLM measurements. This is very high
compared to the value ofLthat is typically obtained and is due to the poor ohmic
contact toN*+* InP. Contact resistivities as low as(¥- um? have been obtained
with ohmics to N+ InP. Therefore the ohmic contact process can be improved.
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Figure 4.36: Gummel curves &f, = 0V and 0.3V

The device DC current gain, ideality factors, and breakdown voltages are consistent
with those measured from the triple-mesa HBT equivalent [3].
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Figure 4.37: DC gain of the HBT at, = 0V and 0.3V

VegolTA) =5.6\F

_ 2
A, =13x5.25 um

<
o
w
Sy
3
=
1
504
©
=

A)
3

CBO, CEO (
S
(2]
T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T TTTTT

10° bt
0 1 2 3 4 5 6

VCB (V)

~

Figure 4.38: Leakage currents in the device
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Figure 4.39: Extraction of Emitter resistance, and thermal resistance
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Figure 4.40: Extraction of Collector resistance
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DC-45 GHz S-parameter measurements are carried out after performing an off
wafer Line-Reflect-Reflect-Match calibration on an Agilent 8510C network ana-
lyzer. On-wafer open and short circuit pad structures identical to the ones used
by the devices are measured after calibration in order to de-embed their associated
parasitics from the device measurements,,. is determined from extrapolation
through a least-square-fit between the transfer function,

_ Upc
1+ UDC : (f/fmam)2
to the measured microwave gain U at measured frequencigs.islthe slope of

Im(1/hy;) [26] and is shown in Fig. 4.41. This method is more exact than a least
squatre fit to,

(4.7.0)

U(f)

9 1
= 7 G

From these,f,... =~ 410 GHz andf, ~ 362 GHz. These are lower than the
standard, fully epitaxial, triple mesa DHBT. The base resistance is higher for these
DHBTs(45¢2 vs. 35(2), since these were grown at UCSB. Further, the collector
resistance is much higher (22vs. 22) due to the poor ohmic contact.

The capacitance voltage characteristics of the implanted subcollector DHBTs
with Fe at/. = 0 mA, are plotted and compared with the standard mesa equivalent
in Fig. 4.24 and those of the implanted subcollector DHBT without Fe fidm.

From the figure, The implanted subcollector DHBTs with Fe exhilditareduction

of ~ 3 fF over the entire measured range of bias voltages due to elimination of
the charge dipole at the growth interface. At full depletion, this corresponds to a
25% decrease irC,,, which corresponds to the area of the base access pad. In
contrast, the implanted subcollector DHBT without Fe detailegdii, exhibit the
same reduction only at very high bias voltages. The standard, fully epitaxial mesa
DHBTSs have a larger collector base capacitance dd&tg,, being presentCy ;44

is thus eliminated using the implanted subcollector DHBT process witilFg. =

1.3 X 5.25um? Apaa = 2.5um?. Cup paa iS thus~ 28 % for this device.

The hybrid-pi model is extracted from the S-parameter and DC measurements.
The S-parameters used to obtain the model correspond to those obtained #t peak
and f,... Which is at.J, = 6.8mA/um? andV,, = 1.97 V. The hybrid-pi model at.
=19.1 mA andV;, = 1.97 V is shown in Fig. 4.44. The S -parameters of the actual
device and the model are shown to closely agree in Fig. 4.45.

Device DC; does not have the base pad isolated and its CV profile is shown in
Fig. 4.46. The capacitance is the same for all three processes indicating that they are
equivalent, as far aS,; ,.q IS concerned. This is also further proof, that the decrease
in capacitance is indeed due to the base access pad being isolated and not a fictitious

(4.7.0)
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Figure 4.41: Extraction of .- The slope of Imag(1/) is f,

decrease due to variations in collector doping during growth, processing etc. For
this device,A; pc = 2.1 x 5.25um?, A,.q = 2 um?. This corresponds 6}, ~ 1.1
fF/um?. Additional CV measurements of devices of different geometries shown in
Fig. ?? determine the effective base collector area contributing to capacitance. Using
Cw ~ 1 fF/um? from Fig. 4.46, Table 4.8 shows the measutéglat full depletion

for devices of various geometries and the effective pad area actually isolated, with
subcollector implant boundary as drawn in Fig. 4.1.
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Figure 4.42: Microwave gains of Si implanted subcollector DHBTs
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Figure 4.43: Capacitance voltage characteristic§, at0 mA, of implanted subcol-
lector DHBTSs with the base pad isolated
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Figure 4.44: Hybrids device model at peak-, faux
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Figure 4.45: Measured S-parameters of the HBT and simulated S-parameters of the
extracted hybrids equivalent circuit
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Figure 4.46: Capacitance voltage characteristic§, at0 mA, of implanted subcol-
lector DHBTSs with the base patbt isolated

123



CHAPTER 4. IMPLANTED SUBCOLLECTOR DHBTS

Ajbc(

effective) ~7.1 pmz

06 -04 -02 00 02 04 06 08 10

Figure 4.47: Capacitance voltage characteristic§, at0 mA, of implanted subcol-
lector DHBTSs with Fe, of different geometries with the base [sathted

The slightly lowerC,, reduction than expected, is due to longitudinal implant
straggle. Thug”,, in the extrinsic region can be reduced even further by optimiz-
ing the design of the subcollector implant boundary in the photo mask. The DC
results compare with the standard mesa DHBT and hence indicate the feasibility of
manufacturing microwave HBTs on the doubly implanted substrates. The RF re-
sults indicate that’,, is reduced corresponding to isolation of base access pad by
implant, over the entire range of bias voltages. The interface charge dipole has been
suppressed by the compensating Fe implant. Theeduction would be more sig-

Table 4.8: Effective base access pad area isolated%Itg reduction expected is
in parenthesis

Device name| A; pc Apad Ceop Apad Actual(expected)
on mask | on mask| at 1V | isolated| % reduction in totalC,,
(um?) (pm?) | (fF) | (um?) (%)
DC1 1.1x5.25| 255 | 6.77 | 2.07 25(30)
DC3 15x5.25| 2.15 | 9.06 | 1.66 17(21)
DC4 1.5x7.25 2.75 11.77| 2.73 20(20)
DC5 1.2x5.25| 2.6 | 7.29 | 215 24(29)
DC6 1.2x7.25 2.6 9.58 2.43 21(23)
DC7 1.6x7.25| 2.8 |12.18| 3.13 22(19)
DC15 2.1x5.25| 285 | 120 | 213 16(17)
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nificant for shorter length devices. The high collector contact resistance has resulted
in lower f, andf,,.. compared to [3]. The ohmic contact process can be fixed by re-
versing the order of the base and collector ohmics. This permits a high temperature
anneal for the collector ohmics reducing contact resistivityetd5 Q) - um?,
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Implanted pedestal-subcollector DHBT

N Chapter 4 , a technology is developed to eliminate the capacitance associated
with the base access pad. However, lateral scaling of the collector base junction
has not been achieved. In narrow mesa DHBTs shown inig Chapter 2,

Oy ox Vet (5.0.1)
Ry, o cothL—jb (5.0.2)

whereLr is the ohmic transfer length limited by the ohmic contagitd Ing 53Gag 47As.
Therefore any lateral scaling of the collector base area will result in a large increase
in base resistance and this is the single biggest challenge facing InP mesa DHBTs
today [1]. Furthermore, narrow base ohmic present a large access resistance and are
difficult to form. As described in Chapter 2 , independent definition of the collector
base junction becomes more important as HBTs are scaled. In this chapter, a novel
idea is proposed and developed wherein implantation alone is used to independently
scale the collector-base capacitance.

5.1 Various approaches to collector scaling

As described in Chapter 2, scaling becomes important for future 250 nm
HBTs. From Fig.?? and Table 2.2, there is a large increas¢,jn., f- and digital
logic speed when the collectors are scaled.

The transferred substrate HBT in Fig. 5.1a dramatically scales the collector base
capacitance. After base metal deposition, the wafer is planarized with BCB and then
bonded to a carrier substrate. The wafer is then flipped over and the InP substrate
is removed. A Schottky collector contact is then formed. Thus, the collector metal
defines the base collector junction. This process has yielded deviceg,yittof
over a THz [2]. However, device yield was low due to the extreme complexity of the
process which makes it unsuitable for even medium scale ICs.
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A popular approach is to greatly undercut the collector as shown in Fig. 5.1b.
This cantilever like structure [4], is also susceptible to failures and is not used for
high yield ICs.

A variant to the transferred substrate process is the buried electrode process|3]
in Fig. 5.1c, where a W electrode defines the collector contact. The active devices
are grown over this, so that the W contact defines the base collector junction. This,
requires growth over the W metal which is complicated.
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(a) Transferred substrate HBTs

Emitter contact
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| | Collector contact

(b) Undercut collector HBTs
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base contact I | InGaAs
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InGaAs subcaollector
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(c) Buried W electrode HBTs
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Emine/rn-InP
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/Collector electrode
o

electrode

S.1. InP substrate

Figure 5.1: Various approaches to collector scaling
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The narrow mesa HBTs manufactured today suffer from scaling challenges as
described in Chapter 2 . lon implantation offers the possibility of selectively defin-
ing junctions while maintaining a planar process and is exploited in modern SiGe
HBTs [5]. One such process for collector scaling in InP HBTSs, is the regrown col-
lector pedestal process [6] whose device structure is shown in Fig. 5.2. The process
starts with a template consisting of 200nm Undoped InP over 300V InP sub-
collector. Siis selectively implanted to form an" pedestal as shown in the figure.
The drift collector, base, emitter layers are regrown and the device is formed. Thus,
the intrinsic portion of the device over the collector has a collector depletion thick-
ness defined by the thickness of the collector. In the extrinsic region, the depletion
thickness is larger due to the undoped InP layer. Thus, the extrinsic capacitance is
reduced, compared to mesa DHBT. The capacitances can be written as,

W,
ch,int X Tcp (510)
Whe — W,
ch,ex —— 1
C(b7 t X TC—|—Tp (5 O)

The regrown pedestal HBTs offer an alternative to the above complicated structures
for collector scaling. However they [6] have the following drawbacks,

e DHBTs reported in [6] suffer from a process-dependent charge at the regrowth
interface. Ap™ InGaAs compensation layer is proposed as a solution but as
seen in Chapte??, this is not repeatable

e Two MBE growths are required, the first forming the sub-collector and pedestal,
and the second forming the active HBT layers

e The pedestal doping must be kept in the low1D'® cm~3 range to minimize
broadening of the pedestal through lateral straggle of the Si implant. This
increases the access resistance in the pedestal and adds to the collector resis-
tance

e These pedestal HBTs reduce, but do not eliminate the extrinsic base pad ca-
pacitance

e The collector contacts are offset from the collector by another 200 nm due to
the undoped InP layer. This worsens the planarity compared to a regular mesa
DHBT

An alternative idea is developed that addresses each of the above issues. This
process provides an Fe implanted extrinsic semi-insulating layer for increased de-
pletion depth in the extrinsic collector-base junction, a patterned buried subcollector
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formed by a deep Siimplant and a collector pedestal created by a second Si implant.
In addition to the reduced extrins(c,,, and compensation of charge at the epitaxial
growth interface, this provides the following enhancements: eliminati@ngf,., a

single MBE growth, possibility of higher doping in thé*" pedestal, increased wafer
planarity and hence potentially improved yield in the fabrication of large circuits.
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Si implant
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Figure 5.2: Pedestal HBT
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5.2 Design of fully implanted pedestal-subcollector pro-
cess

The process flow of the basic, implanted subcollector HBT is shown in Fig. 5.3.
As before, alignment targets for stepper based lithography are defined on SI InP. The
substrate is then implanted with Fe to a depth-@2 um at a doping ofv 1x10'?

(cm~3 Fig. 5.3a). The damage due to the implant is annealed out and the sample
is then selectively implanted, as in Fig. 5.3b, with Si at a very high energy (350
keV) so that the peak(at 0.5um) lies well below the Fe implant peak. This forms

a buriedN** subcollector. AnN** pedestal linking to the buried subcollector is
then formed by a second patterned selective Si implant. Raised pedestals for

the collector contacts are simultaneously realized (Fig. 5.3c). The sample is then
annealed at 800C to activate the Si dopants. As before, the active InP DHBT
layers, theV— drift collector, base, and emitter layers are grown by MBE. Devices
are formed by wet-etching the emitter and base mesas. HBT isolation does not
require a subcollector mesa etch decreasing the total HBT mesa height by 500 nm.
There are several advantages,

e The Fe implant forms a Sl layer, equivalent to the undoped InP layer in the
regrown pedestal HBT, over th€** subcollector. TheV*+ subcollector is
also formed by ion implantation. Thus this fully implanted pedestal-subcollector
process requires no additional regrowth.

e The Fe implant automatically compensates the interface charge over a very
wide range of charge densities

e The buried subcollector does not extend beyond the length of the emitter, sim-
ilar to the implanted subcollector DHBTs with Fe. Thus the capacitance due
to the base access pad is eliminated.

e The high Fe doping in the SI layer 5-8 x 10'® means that a high concentra-
tion of Si in the pedestal is permissible, since the straggle is now defined by
the lateral distance at which the pedestal doping falls below the background
Fe in the Sl region.

e RaisedV*' pedestals are simultaneously realized for collector contacts. De-
vice isolation etch is not required due to the buried, isoldfed subcollector.
Thus the device planarity is better than a triple mesa DHBFIB00 nm

e Itis very modular and can be inserted into any modern InP mesa HBT process.

135



CHAPTER 5. IMPLANTED PEDESTAL-SUBCOLLECTOR DHBT
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Si pedestal implant
Subcollector (c)
Semi Insulating InP substrate
Subcollector (d)

Semi Insulating InP substrate

Figure 5.3: Implanted pedestal-subcollector DHBT process
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Thus the fully implanted process, is an alternative to the regrown pedestal HBT

and provides several enhancements. The various challenges of the implanted pedestal-

subcollector process are,

Low sheet resistance subcollector

Formation of thick SI Fe implanted region

Formation of N** pedestals with low resistivity and low lateral straggle

crystalline, defect free semiconductor before growth

excellent surface morphology, comparable to InP substrate, prior to growth

defect free MBE growth=- DC characteristics similar to epitaxially grown
HBTs

Each issue is addressed in the subsequent sections.

5.2.1 Formation of buried N+ subcollector

The Si implant forms the subcollector as in the implant subcollector process.
However, unlike the implanted subcollector DHBT, the main idea behind the im-
planted pedestal-subcollector DHBT is a deep Fe implant since it is used to com-
pensatex the top 0.2um of the subcollector. As seen in Chapter 3, it is not easy
to compensate very high++ doping levels. Therefore, the Si implants should be
of very high energy so that the peak lies well below pPr. This ensures that the
Gaussian distribution (of the implanted Si) tailst05x 10'® cm—3, doping level at
which Fe is reported to successfully compensatethedoping. The highest com-
mercially available Si doping at 20@ is 350 keV. Further, it is seen that increasing
the thickness of the Sl region, is not beneficial as might be expected. The lateral
broadening due to implant straggle is, to first order7,, the height of theN ™"
pedestal. I}, is increased(; .., decreases due to larger extrinsic depletion depth,
but C. .t increases due to a wider effectine” pedestal. Thus the two effects off-
set each other and for the minimum, optically resolvable implant mask dimension at
UCSB of ~ 0.5um, it is seen tha€’, decrease is not significant beyoffg of 0.2
m.
Fig. 5.4 shows the SIMS profile and the simulated TRIM distribution for the
implant conditions in Table 5.1 where Si and Fe are co-implanted. There is no
diffusion of the Fe and Si as implanted. However, the fluences were slightly off,
due to the poor calibration of the implant system. (This is not an artifact due to
charge-mass interference in SIMS since 29Si and 54Fe also yielded similar results).
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Table 5.1: Implant conditions for implanted pedestal-subcollector HBT process

Implant specieg Implant energy| Implant fluence | Offset angle| Implant temperaturé
Si 350 KeV 5x 10 ions/cnt 7° 200° C
Fe 150 KeV | 2.4x10'*ions/cn? 7° 200° C

Tions < 50/LA
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Figure 5.4: Distribution of Fe and Si from SIMS and simulated by TRIM

The shallow Fe implant in Chapter 4 is annealed at“@@or 5 min. The same
anneal conditions for Fe are employed here. This show§bi@.2 to anneal the
implant damage and activate the dopants. Fig. 5.5 shows the profile after such an
anneal. There is significant depletion of Fe atoms and a peak of Fe is formed at
0.14um which isR, + AR,. This is well observed in literature and is described in
Chapter 3. As seen from the plots, the Fe concentration falls below the Si concen-
tration at a depth of- 0.16 yum. Assuming 10% activation of Si and F€T}, ~ 0.16
pm. While 7, = 0.2 um is desirable, these were nevertheless chosen for the first
generation implanted pedestal-subcollector HBTSs.

For these implant conditions, the sheet resistance is determined from Hall mea-
surements and is shown in Table 5.2. The negative Hall voltage indicates that the

Table 5.2: Hall measurements of resistivity and mobility for deep Si and Fe implant

Anneal temperature Anneal time| Hall mobility | Carrier density| Sheet resistance
(°C) (s) (cm?/V - 5) (cm?) (©/0)
700 300 -1194 -2.0x10 25.8
700 600 -1224 -1.9x10 26.2
725 600 -1189 -2.0x10™ 25.7
750 300 -1236 -2.1x10™ 24.5

carriers are electrons. The sheet resistance is nearly the same for all the various an-
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Figure 5.5: Distribution of Fe and Si after anneal

neals. However, 700C for 5 min gave rise to minimum defects due to the anneal.
From the above data and measured concentration profiles, the activation of Fe and
Si can be calculated. Assuming that the active Fe compensates Si upté 1662
integrating the Si concentration from this points;= 6.5 x10'* cm~2. From Hall
measurementss; .; = 2.5 x10'* cm~2. Therefore activation of Siis- 39 %. The

active Si concentration at 163Ris therefore 3.&10'* cm=3. Since one Fe atom
compensates one Si atom, minimum activation of F&is/Ncives; at 1632A =

41 %.

5.2.2 Crystallinity

It is seen from Chapter 3 that 56Fe causes significant lattice damage. The
crystallinity is evaluated from lon channeling(RBS) measurements. The defects are
qguantified in terms of displaceflh atoms. If displacedn fraction is 1, it is com-
pletely amorphous and if it i< 0.02, it is crystalline. Sample is completely amor-
phous in the top 1500-2000suggesting that Fe is creating most of the damage and
that defects due to Si is much smaller. The In concentration in InP isx 153
atoms-cnT?® and from the displaceth fraction in Fig. 5.7, the total number dfi
atoms displaced can be determined. From the discussion on Fe implants in Chap-
ter 3, itis seen that prolonged anneals at temperatures60 - 750°C are required
for damage removal and activation. Anneals at over 425or prolonged periods
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Figure 5.6: Distribution of Active Fe and Si calculated from Hall and SIMS

gave rise to several In rich zones due to failure of fhigN, cap. The samples are
annealed at 700C for 5 min. and the crystallinity is checked using RBS. As seen in
Fig. 5.8 and Fig. 5.9, samples implanted with lower dose&.¢4 x 10** ions/cnt) of

Iron are completely recovered. There is surface damage where the implant fluence
of Iron is higher (1x10' ions/cnt). The uncertainty foin defect measurement is 1

to 2 %.
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Figure 5.7: Crystallinity with co-implants of Si and Fe before any anneal
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Figure 5.8: Crystallinity of Si and Fe co-implanted InP annealed at°@JB min
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On a better scale...
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Figure 5.9: ...A more convincing scale
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5.2.3 Surface morphology

Fig. 5.10 show the surface scans for various conditions. As implanted with Si
and Fe, the surface is quite rough 18 nm. When annealed at 800 for 10 sec. the
surface roughness reducessd 2 nm. As seen from the previous section and from
§3.1.3 in Chapter 3 , heavy acceptor elements in InP generally require prolonged
anneals at temperatures over 630D. AFM scans of this co-implanted substrate,
annealed at 700C for 5 min. indicates that the surface quality is comparable to
virgin SI InP in Fig.??in Chapter 3. This further validates the use of these annealing
conditions for Fe implant.

5.2.4 The Fe implanted extrinsic layer

The Fe layer serves to increase the depletion depth in the extrinsic portion of the
device under the base contact. Co-implantation of Si and Fe causes a difference in
activation as opposed to the case when

e Feis implanted first and annealed
e Siis then implanted and annealed

When Fe is implanted first and activated they have ocdnjtes. The Si therefore
has less sites to occupy.
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As implanted
RMS roughness ~ 1.8 nm

800°C/10s
RMS roughness ~ 1.2 nm

700 °C /5 min
RMS roughness ~ 0.5 nm

Figure 5.10: Surface scans of the Si and Fe co-implanted substrate
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The current flow mechanism of @it *-SI-N** andp™- SI - N** layer stacks
respectively is developed in [7]. The main purpose of the Sl region is to decrease
the capacitance in the extrinsic region by increasing the distance between the two
charge dipoles in the base and subcollector. C-V measurements are used to check
the presence of an active Sl layer and if present, the thickness of this region. For this
purpose, Schottky diodes are formed. The samples are non-selectively implanted
first with Fe at the implant conditions , annealed at 7G0for 5 min. They are then
non-selectively implanted with Si and annealed at 800or 30 sec. The implant
conditions are the same as in§B.2.1. Schottky contacts are placed on the top Sl
layer, while ohmic contacts are placed on fiie* subcollector. Fig. 5.12 shows the
schematic of such a structure.
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Ohmic Fe implanted InP ’ 0.35 um

Si implanted N* InP

Sl InP

Figure 5.11: Sckottky diodes on Fe and Si implanted substrate

The contacts placed on thé** regions are verified to be ohmic by checking
the I-V characteristics (Fig. 5.13). Similarly the contacts on the top surface, im-
planted with Fe are verified to be Schottky by measuring the 1-V characteristics of
this SI-V** diode. Fig. 5.14 also shows the Schottky diode characteristics of such a
structure on a fully epitaxial structure (Oi2n UID /0.3 um N InP), which is the
starting template in a regrown pedestal HBT process. The forward characteristics
of the Schottky diode on the fully implanted structure indicates a very higihon
voltage. From the theory of transport in a Sl region, the current increases sharply
once the Trap Filled Voltage Limit is reached. FromFig. 5.14¢)Yis ~ 2 V. In the
case of a Schottky diode on the epitaxial template, the theory of transport is similar
to a forward biased Schottky junction and the current sharply increase9& V.

In the reverse bias case, te situation is quite different. The depletion region thickness
at zero bias for the Schottky diodes on @@ UID /0.3 um N*+ InP is~ thickness

of the UID region = 0.2um. The reverse diode current characteristics are dominated
by the thermal generation in the intrinsic region. The breakdown is expected to be
large in this case, due to the wideband gap of InP and the large depletion thickness.
The thickness of the space charge region for thévSi- junction is calculated from

the active Fe and Si doping profiles obtained in the previous case.

(5.2.0)

where,N 4 is the active Fe concentration in the Sl regiog,is the built-in potential

of the SI-N** junction. SinceEp, of the Sl region~ E, and Er,, of N** InP

~ E., ¢n; ~ 0.7 eV. Assuming uniformV, ~ 1x10* cm= and Np ~ 1x 10

cm=3, z, = 88 A. Due to the small depletion region, the breakdown mechanism is
possibly dominated by tunneling currents which could explain the dramatic increase
in current at~ 1.5 V. The C-V characteristics in Fig. 5.15 of such the Schottky
diodes indicate that there is a thick Sl region. From the capacitance at zero bias,
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the thickness of the Sl region is deduced tobd77 nm. x4, ~ 200 nm for the
Schottky diode on the epitaxial UID InR¥** InP, as expected since the thickness
of the UID InP region as grown is 200 nm. The capacitance is fairly flat with voltage
indicating that beyond the depletion thickness, the region is fairly", such that

the depletion region does not shift much with bias. Fig. 5.16 compares the C-V
characteristics of two cases

e Feisimplanted and activated first followed by Si implant and activation
e Fe and Si are co-implanted and activated together

The depletion thickness is lower in the case when Si and Fe are co-implanted and
activated together. This is possibly due to Si and Fe competing for the same In sites
between 160 - 180 nm when Si and Fe concentrations are comparable, resulting in
lower active Fe concentration, decreasing the thickness of the Sl region.

Ohmic Fe implanted InP ‘ 0.35 um

Si implanted N* InP

Sl InP

Figure 5.12: Sckottky diodes on Fe and Si implanted substrate
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Figure 5.13: Ohmic transport betwedn * pads
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Figure 5.14: Sckottky diode characteristics of Fe and Si implanted substrate
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Figure 5.15: C-V of the Schottky diodes on Fe and Siimplanted substrate, indicating
the thickness of the Sl depletion region
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Figure 5.16: C-V of the Schottky diodes when Fe and Si are co-implanted and acti-
vated together, and when Fe is activated first followed by Si
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Table 5.3: Implant conditions for formation &f *+ pedestal
Implant specieg Implant energy| Implant fluence | Offset angle| Implant temperature

Si 100 KeV 5x10' ions/cn? 7° 200° C
30 KeV 8x10'3 ions/cn?
10 KeV 4x10" jons/cn?

Lions < 10uA

5.2.5 Formation of N** pedestal

In §5.2.1, the active Fe and Si concentrations are computed. The pedestal doping
needs to overwhelm the Fe concentration. Siis implanted at the conditions given in
Table 5.3 in a substrate where Fe has been implanted and activated.

After annealing at 800C for 30 sec., Hall measurements indicate that the sheet
resistance is-38 2/0 and for7,, ~ 180 nm, resistivity of the pedestal is 6.5
Q- um. When both the pedestal and subcollector are present, the sheet resistance of
the combined stack is 17 /0 andng; = 4.7x10'* cm~2 and the mobility is 800
em?/V - s. Fig. 5.17 shows the concentration of Si and Fe after all three implants
and anneals. With the chosen implant conditions, Si overwhelms the Fe peak.

Silicon and Iron doping profiles in the pedestal -subcollector

10%°
€
° 19
c 10 L
kel
[
5
210" .
e}
o
[}
s
8 ——23;: Integral density: 1.75x10"® cm™
@ 10"
] —%Fe: Integral density:1 86x10™ cm™?
1016
0 0.1 0.2 0.3 04 05 06 07 08
Depth (um)

Figure 5.17: Concentration of Si and Fe after all three implants

It is seen that an anneal of 70C for 5 min. is required for Fe activation and
damage removal. Good activation of Si is obtained only after annealing &t@00
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_ Defects in the pedestal-subcollector
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Figure 5.18: Crystallinity after all implants and dry etch

Since there are two Si implants, one for the subcollector and one for the pedestal,
the question arises if two separate anneals are required to activate the Si dopants.
It is seen that the TiW alignment marks does not hold up to two anneals a300

Fig. 5.18 shows the defect density after all three implants. The implant conditions for
the Fe and Si subcollector implant are the same §5.R.1 and the above conditions

are used for the Si pedestal implant. After the Fe implant, the sample is annealed
at 700°C for 5 min. Si is implanted for the subcollector and then the Si pedestal
implant is carried out. Both the implants are annealed together at@0d0r 30

sec. Fig. 5.18 shows that the defect density is within the noise of the measurements,
indicating crystallinity of the InP substrate after 3 implants and 1 anneal for Fe and
1 common anneal for Si. Since these are identical implants, at different depths,
a single anneal does not yield significantly different results for resistivities for the
various layers. Fig. 5.18 shows the defect density after implants and also 3 dry
etches; for the alignment targets, subcollector implant window, and pedestal implant
window.

Lateral straggle due to the pedestal implant

As defined in Chapter 3 , the straggle is defined as the point when the active,
lateral Si concentration falls below the background Fe doping. In the case of Sl
InP substrate, the active Fe doping is betweeri®® cm=2 and 9 x10'¢ cm™3.
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Therefore the lateral straggle is appreciable. The thick Sl region oveNthe
subcollector is formed by Fe implant, and has an active Fe concentrationlof%

cm3. Fig. ??is a plot of the lateral straggle calculated frafRIM. The pedestal
doping is seen from Fig. 5.17to be2x 10'* cm~ and uniform Fe doping of 5108

cm3 is assumed. The lateral spreackif.12 um when the Si concentration falls
below the active Fe doping assumed tobeéx 10'® cm™3. This is not an exact
solution since the Fe doping itself varies with distance. The exact calculation can be
performed; howevelRIM profile of Fe implant has to be relied upon. Frgg2.1,

the TRIM calculation is not representative of the Fe profile due to the diffusion of
Fe during anneal. For this calculation thRIM profile of Fe is assumed, with 40
activation of these Fe acceptors. In this case, the lateral straggle can be calculated
as the lateral distance(z) at which

nsi(z, 2)exp(—2% /2T AR?) = np.(z, 2) (5.2.0)

whereAR, is the lateral spread of the 100 KeV Si implant calculated ffbRIM
to be 577A. The lower energy implants are assumed to contribute insignificantly to
this straggle. Fig. 5.20 shows the lateral straggle distamveleich is~ 0.25,m.

Lateral spread of Si pedestal

Background active Fe doping

Si and Fe in the pedestal ( cm-3)

=

_
o

500 1000 1500 2000

Lateral distance (Angstrom)

o

Figure 5.19: Lateral spread in the pedestal due to implant, assumiing'Zm=—3
doping at the mask edge. The lateral straggle is defined as the point when the Si
concentration falls below the active Fe dopirgpx 108

The resistive straggle can be measured using speéogbonel LM structures
shown in Fig. 5.21. The spacing between the ohmic regions and the width of the
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Figure 5.20: Lateral spread in the pedestal due to 100 KeV Si implant. The lateral
straggle is defined as the point when the Si concentration falls the active Fe doping
calculated froml'RIM with Fe activation assumed to be %0

TLMs are varied. The width of the TLM should be comparable to the straggle, which
renders standard TLMs for measuring contact and sheet resistivities useless for this
purpose. The wafer is first implanted with Fe and annealed and then the pedestal Si
implant is carried out selectively in the shaded regions shown in Fig. 5.21. Standard
TLMs can measure, the sheet resistance and contact resistivity. The measured resis-
tance for each TLM (of widtha,, ws ...) is plotted vs. the TLM spacingand the
slopemtr is calculated. The lateral resistive straggle is then calculated as follows

Rsh = Mgty * ('LU + A'LU) (520)

wherew is the width of the TLM. Plottlngﬁ vs. the variation in TLM width

as drawn on the mask, Aw can be obtained. This is the lateral resistive straggle
shown in Fig. 5.22. Note, the resistive lateral straggle also includes the effects of
widening of theSi, IV, implant mask during processing. Fig. 5.22 shows the resistive
straggle of the Si pedestal implanted in an already Fe implanted substrate. The
resistive straggleAw ~ 0.1 yum, which means that the implant widens by 50 nm

on either side of the implant mask. However, it should be pointed out that resistive
straggle is a pessimistic calculation and the capacitive straggle is more relevant.
When the doping falls from £10'° at the implant mask edge to sayx 50'® cm=3

at some distancAwg, the resistance increases ten-fold. The overall resistance is
thus determined by the region of high doping. A 10 cm=3 is much larger than

the doping in the drift collector. The capacitive straggle should be defined as the
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point when the doping falls to 20 of the collector doping or the point at which
lateral Si concentration falls below the active Fe doping, whichever is lower.

Ohmic,

Figure 5.21: Straggle TLMs with varying spacing and widthw— the shaded re-
gions are implanted with Si, and ohmic contacts are formed over these
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Figure 5.22: Resistive straggle of Si pedestal implant in Fe activated layer
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Table 5.4: Contact and sheet resistivities

Sheet resistancg Contact resistivity] Horizontal resistance
Q/0 Q- um? Q- pum
Emitter 28 <1 3
Base 1300 <3 < 50
Collector 24-26 3000 350

Pd/Ti/Pd/Au contacts for all layers

5.3 Large area device results

The RBS data in Fig. 5.18 is encouraging proof that good quality crystalline
growth is feasible on this triple implanted substrate. Similar to the growth for im-
planted subcollector DHBTS, the drift collector, base and emitter are grown with
the same layer structure as in Table 4.5. There is no pedestal layer, therefore this
large area device is representative of the transistor in the extrinsic region under the
base ohmic. The collector contact is formed by etching dewh3 m to place the
contact pads oV " Si implanted subcollector. The sheet resistance of the collec-
tor, base and emitter of these devices in Table 5.4 are very similar to fully epitaxial
layers grown at UCSB. Also excellent growth morphology is observed (not shown).
The large area DC results are shown in Fig. 5.23. These indicate that there is no gain
in this transistor due to current blocking by the Sl region below the drift collector.
Only at very high collector base biases, does current start to flow as also evident
from the diode leakage in Fig. 5.24. The Gummels in Fig. 5.23a show that there
IS no current gain whei,, =0V and_ ~ 1 whenV,, =1V. The CV measurements
in Fig. 5.25 indicate that the capacitance at zero bias isf@.f:m?. The capac-
itance of a fully epitaxial HBT with identical layer structure but epitaxially grown
300 nm N** subcollector is also shown and4s 1.1 fF/um?. Thus there is a
55% decrease in capacitance due to the Sl region at zero bias. This corresponds to
a depletion thickness of 220 nm, or a thickness of the Sl region @20 nm. The
capacitance measurements beyond 0.5 V for the DHBT grown on the Fe and Si im-
planted substrate were clouded by high parallel conductance and is not shown. The
offset voltage is higher since highé&f, is required to remove the current blocking
due to Fe. The high knee voltage is due to the large resistance in the Sl Fe implanted
region. From Fig. 5.26, th&,, is over 1V only whenl, is over 2V. A largeV,, is
needed for the base collector junction of this device to be not forward biased. This
explains the large offset and knee voltages
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Figure 5.23: DC measurements of large area devices on Si and Fe implanted sub-
strate — representative of extrinsic DHBT

159



CHAPTER 5. IMPLANTED PEDESTAL-SUBCOLLECTOR DHBT

Figure 5.24:1-p50 of large area devices on Si and Fe implanted substrate — repre-
sentative of extrinsic DHBT
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Figure 5.25: C-V measurements of large area devices on Si and Fe implanted sub-
strate, showing a 5%\ decrease in extrinsic capacitance compared to a standard
epitaxial DHBT
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Figure 5.27: HighV/,s and highV}nee in the output characteristics
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5.4 Device results - Implanted pedestal-subcollector
DHBT

Large area devices have shown low leakage and excellent DC characteristics.
Small area devices were processed with the identical layer structure shown in Ta-
ble 4.5. The process has already been describg&dl.éhl anc5.2.

The TLM measurements of the collector and, of the pinched and non-pinched
base TLMs are given in Fig. 5.29. The collector TLM structures is shown in Fig. 5.28.
Thus the contact resistance measured is due to the ohmic contact and the resistance
in the pedestal. This resistance from the TLMs is measured to be veryhigo-
210Q - pm?. This is partially due to the poor collector ohmic contact. The sheet
resistance of the implanted ™ subcollector isv 21-22() /0. The base sheet resis-
tance is~ 600¢2/0, and the base contact resistivityNs25 (2 - um?. The Isolation
between ohmic pads separated byt is xx pA/lum as seen in Fig2?.  For the

X4 X;

N* implanted
Fe | InP pedestal Fe

N++ implanted InP subcollector

Semi Insulating InP substrate

Figure 5.28: Collector TLM structure for the implanted pedestal subcollector DHBT

device withA, 5z = 0.65x 4.3um? Ap = 0.7 x 5.25m? and active base collector
area 1.3x 5.25um?, Fig. 5.30 is a plot of the DA — V. characteristics. The
maximum current gain at,;, =0 is ~35. The Gummel curves are plotted fay,
=0V andV,, =0.3V Fig. 5.31. The collector and base ideality factorsigre 1.26
andn, = 1.77. The leakage curreft o from the gummel curves is 1 nA atV,, =
0.3V. The DC current gain of the transistotd #I, from the gummel curves is shown
in Fig. ??. The HBT's gain compression point4s 4 mA/um? atV,, = 0V and 5
mA/um? atV,, = 0.3V. At high current densitie$/cz; = VCB, applied — I¢R,.
From the TLMs and the geometry of the transist@y,for this transistor should be
~ 11Q. At I. = 15mA,Vep,, = VOB, applied - 0.3V. The base collector junction
is forward biased tilV 5 qppiica IS = 0.3V. The collector resistance is extracted from
the I — Vo characteristics of the transistor at saturation, using the Fixeethod
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Collector 21-22 160-210 59-66 2.7-3.1

Figure 5.29: Base and Collector TLM measurements

and is plotted in Fig??. The emitter resistandg,, ~ 4 2 (from Fig. 5.35, the col-
lector resistance is determined to4de32-34(), consistent with the value calculated
from TLM measurements. This is very high compared to the value db 1hat is
typically obtained and is partly due to the poor ohmic contag¥to™ InP.

The resistance as seen in the emitier, + R,/ is derived from gummels and
plotted as function of current density Fig. 5.35. From TLM’'s measufgg,3 ~ 1
Q2 and thereforei., ~ 4 2. Also plotted in Fig.??s the thermal resistancgy, - ¢
(also referred to af?;,). The thermal-electric feedback coefficientfrom [8], is
0.85 mVF K at 5mA/um?. The thermal resistance at®A/um? is therefore 2.7
° K/mW, . Shown in Fig. 5.36 aré-ro and /g oOf a triple mesa DHBT and an
implanted pedestal-subcollector DHBT. The breakdown voltages are defined at
=1 mA. BVero = 6.8V andBV:po = 7.6V. For a fully epitaxial, standard mesa
DHBT, the corresponding voltages aB/-zo = 5.5V andBVgo = 6.8V atl, =
1mA. The breakdown enhancement in these implanted pedestal-subcollector devices
is due to lower surface breakdown due to suppression of surface states. The safe
operating area is a more relevant than breakdown voltage for digital logic circuits
and is seen in Fig. 5.37. The maximum operating power density is seemid be
mW/pm?.
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Figure 5.30: DCI- — Vg characteristics
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Figure 5.31: Gummel curves &f, = 0V and 0.3V
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Figure 5.32: DC gain of the HBT at;, = 0V and 0.3V
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Figure 5.33: Extraction of Collector resistance from saturation characteristics
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Figure 5.34: Collector resistance at varigtis
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Figure 5.35: Extraction of Emitter resistance, and thermal resistance
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Figure 5.36: Leakage currents in the device
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Figure 5.37: Safe Operating area of the device
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DC-45 GHz S-parameter measurements are carried out after performing an off
wafer Line-Reflect-Reflect-Match calibration on an Agilent 8510C network ana-
lyzer. On-wafer open and short circuit pad structures identical to the ones used
by the devices are measured after calibration in order to de-embed their associated
parasitics from the device measurements,,. is determined from extrapolation
through a least-square-fit between the transfer function,

_ Upc
1+ UDC : (f/fmaz)2

to the measured microwave gain U at measured frequencigs.islthe slope of
Im(1/hy;) as explained in Chapter 4. A maximum 352 GHzand 403 GHZzf, ..

U(f) (5.4.0)
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Figure 5.38: Microwave gains of Si implanted subcollector DHBTs

is demonstrated at. = 14 mA andV,;, = 1.96 V (J. = 5mA/um?, C,,/I. = 0.43
ps/V). These are lower than the standard, fully epitaxial, triple mesa DHBT. The
collector resistance is much higher (Q2ss. 22).
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The capacitance voltage characteristics of the implanted subcollector DHBTs
with Fe at/. = 0 mA, are plotted and compared with the standard mesa equivalent
in Fig. 5.39. From the figure, The implanted subcollector DHBTs with Fe exhibit
a C,, reduction ofx~ 3.2 fF over the entire measured range of bias voltages due
to elimination of the charge dipole at the growth interface. At full depletion, this
corresponds to a 25-27decrease it',,. This is lower than expected reduction in
C., and is attributed to lateral implant straggle. Hetezc = 1.3x5.25um? A uq =
2.5um?. The pedestal stripe as defined on the photo magKis 5.25 um?. The
length of the subcollector as defined on the photo mask is/m25The voltage drop
I. x R, is significant and the collector potential must be progressively increased
as ., to fully deplete the drift collector. The lowef. and f,,.. demonstrated by
the implanted HBTs compared to their triple-mesa counterpart is due mostly to the
increased delay associated with the terms KT(¢', + C;.) and R. Cy. Fig. 5.41
showsC,, /1. as a function of biasC,,/I. is an important metric for digital logic
circuits.
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Figure 5.39: Variation of’,;, with C,, atI. = 0 mA for a mesa HBT and the pedestal
HBT

The slightly lowerC,, reduction than expected, is due to lateral and longitudinal
implant straggle. The DC results compare with the standard mesa DHBT and hence
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Figure 5.40: Variation o, with V,, at different/, to show the effect of high series
collector resistance

indicate the feasibility of manufacturing microwave HBTs on the triple implanted
substrates. The high collector contact resistance has resulted in fowad f,,,...
compared to [9].
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Figure 5.41:C;,/I. as a function of bias
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5.5 Discussion

These first generation fully implanted pedestal-subcollector DHBTSs have record
bandwidths for implanted collector DHBTs. However, they suffer from some prob-
lems

e Large collector resistance
¢ less than expected,, reduction

These issues will be discussed in the following sections and solutions suggested

5.5.1 Pedestal vertical height and lateral straggle

In order to evaluate the height of the pedestal, C-V measurements are carried out
on devices with naV*+ pedestal implant. These have tNe collector directly atop
the Sl Fe implanted region and therefore resembles the extrinsic portion of the de-
vice, C, = 0.54 f F/umZ. This is compared with a device, where tNeé* pedestal
and subcollector extends throughout the device so that it resembles a mesa structure.
C. for this mesa-like device is 1.1F/um? and ther, = 120 nm. Therefore the
height of the pedestal is deduced tobd&.20 nm.

At full depletion, C', is measured as for various devices with different pedestal
geometries and plotted as function of pedestal width to determine the lateral pedestal

straggle.

572 : Li = 0.5- (Wae + W,) + AW, (5.5.0)
whereAW, is the capacitive lateral straggle on each side of the pedestal. This nor-
malized capacitance is plotted v§V, and is shown in Fig. 5.43. From this, the
straggle on either side s 0.2 um and is responsible for the less than anticipated
reduction inC,,. This calculation ignores the longitudinal straggle due to the sub-
collector implant.

The simplest way to address the straggling problem is to reduce the dimension
of the mask. However, less than Q.1 features are hard to define using the optical
stepper system &tCSB Therefore one method of reducing the, V, implant mask
dimensions is shown in Fig. 5.44. However, the resistive straggle is seen~to be
0.05um. Therefore reducing the mask dimension laterally, reduces the capacitance
but adds to the vertical pedestal resistance. SIMS data on a test wafer, shows no
diffusion of the Fe after growth.
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Figure 5.42: C-V measurements of a device withouf\an™ pedestal and one with
N*T subcollector and pedestal everywhere in the device footprint so that it resem-
bles a mesa geometry.
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Figure 5.43: Normalized C vs. pedestal width to determine capacitive straggle due
to implant
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Figure 5.44: To obtain submicron features for implant mask...
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Figure 5.45: SIMS of the HBT layer stack after growth on implanted layers. There
is no pedestal implant here
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5.5.2 Excess Collector Resistance

N- collector

‘Fe

pedestal

N++ implanted InP subcollector

Semi Insulating InP substrate

After Base metal deposition and base mesa etch

groove
N- collector
N* N*
pedestal Fe pedestal

N++ implanted InP subcollector

Semi Insulating InP substrate

Figure 5.46: Reverse collector ohmic process

As with the implanted subcollector DHBTSs, these DHBTSs too suffer from poor
collector contact resistance due to insufficient anneal. A new process is proposed,
where the collector metal is deposited by recess etching through the base and col-
lector layers. The collector metal does not perfectly fill this recess but instead re-
sembles Fig. 5.46a. When the base mesa is etched, the semiconductor next to the
collector contact is etched as well, as seen in Fig. 5.46b. However, this does not
in any way impact the implanted pedestal-subcollector DHBT as the semiconduc-
tor etched away is Fe implanted InP layer. Therefore the reverse collector ohmic
process is feasible for implanted pedestal subcollector DHBTs even with the current
photo masks by merely reversing the deposition of the base and collector ohmics.
This now permits a much higher anneal for the collector ohmic, reducing the contact
resistivity to 20-252 - um?.

From§5.4, it is seen that the calculatét] from TLMs is 11(2. This does not
explain the very high resistance seen in the devices 82 (2. Several devices were
measured and the exceBsvalues tabulated in Fig. 5.47.

These suggest that the excess resistance is due to the pedestal itself. Special
test structures were placed on another wafer implanted similarly. The pedestal TLM
is a special test structure (Fig. 5.48), where only the Si pedestal implant is carried
out in a background of Fe already implanted and activated. From these, the sheet
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Wy (um) Lo(um) R(©Q) R fromTLM(Q) | Excess R, (Q-um
0.8 5.25 34.4 12 117.6
1 7.25 23.2 8.6 105.9
Mesa Mesa 29.1 11.6 91.9
0.9 4.25 353 14.7 87.5
1.3 5.25 35.2 11.6 128.6

Figure 5.47: Excess Collector resistance of devices of various geometry

resistance of the pedestal is deduced te-b@8 (2/0, exactly as measured earlier.
The vertical contact resistance is now entirely due to the ohmic contact and is seen
to be~ 25Q - um?. The pedestal-subcollector TLM in Fig. 5.48 measures a contact
resistivity of 602 - um?. Since the pedestal resistivity is low, this means that there is
aresistance of 38 - ym? at the interface between the pedestal and the subcollector.

Pedestal-subcollector TLM Pedestal TLMs
X X X,
* implanted
A

N++ implanted subcollector

N* implanted pedestal

Semi Insulating InP substrate Semi Insulating InP substrate

After 360°C anneal

TLM R, (Q/sq) P, (Q-um?)
pedestal-subcollector 21 60
pedestal 38 25

Figure 5.48: Special test structures to find the source of exgess

This is attributed to the large Fe pile up seerti2.1. TheR, is not due to
the narrow pedestal dimensions but instead due to insufficient Si at the region of Fe
pileup. This is evident from the common emitter 1Vs of two devices in Fig. 5.49,
one with a narrow pedestal and one where the pedestal and subcollector are present
over the entire device footprint.

As discussed in Chapter 3, the Fe preferentially piles up in the region of most
damage. RBS does not detect defects belowx 102° cm=3. This is still a large
number of defects. e implant is performed at a lower dosel(1* ions/cn¥) and
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Figure 5.49: SIMS of the HBT layer stack after growth on implanted layers. There
is no pedestal implant here

lower energy (100 keV) to check if there is a dose dependence of such damage.
There is no evidence of Fe pile up at these implant conditions. CV measurements on
Schottky diodes are performed to check the thickness of the Fe compensated layer
for these conditions. This is shown in Fig. 5.51

While these first generation HBTs suffered from certain problems, it is shown
that these can be resolved.
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Figure 5.50: Distribution of Fe and Si after anneal
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Figure 5.51: CV measurements of Schottky diodes to determine the depletion thick-
ness for these implant conditions
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Conclusions

MPLANTED subcollector and pedestal DHBTs were demonstrated for the first
time in an all implanted, manufacturable process. Record bandwidths for DHBTS
with implanted collectors have been demonstrated. These were incorporated in high
speed CML and ECL logic circuits that have demonstrated ovér i2@provement
in digital logic speed over conventional mesa DHBTSs.

6.1 Accomplishments

As the current mesa InP DHBT is reaching its scaling limit, new process modules
were characterized and added to further the limits of such devices [1]. The parasitic
collector base capacitance is especially an important hurdle for high bandwidth ana-
log circuits and high speed digital circuits. A manufacturable technology that enable
submicron collector scaling of InP HBTSs utilizing ion implantation is proposed and
developed. For this purpose, Si and Fe implants in InP are extensively studied and
characterized. With the lithographic dimensions feasible today, the device design
has been tailored for high speed digital circuit performance.

Modern mesa DHBTSs have an extrinsic access pad that contributes significantly
to the collector base capacitance. This capacitance is non-scalable and becomes
important as device length is reduced. A selectively implanted Si subcollector is
suggested in Chapter 4 to eliminate this base access pad capacitance. However, de-
vices fabricated did not show any reduction in collector base capacitance at low bias
voltages due tp the presence of an N-type interface charge at the growth surface.
A new method of eliminating this interface charge using Fe implants is proposed
and demonstrated to work effectively over a wide range of charge densities [2]. Im-
planted subcollector DHBTS utilizing selective Si implants for isolation of the sub-
collector and Fe implants for eliminating the interface charge are developed. These
devices is shown to almost completely eliminate this base access pad capacitance
and have cut-off frequencies in excess of 350 GHz [3]. This technology enables for
low power, high speed digital circuits. The bandwidth of the devices are limited by
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the excessive base and collector resistance due to poor ohmic contacts. Improving
the ohmic technology should yield superior, high speed devices in a simple process.

Further collector scaling is made possible through a novel fully implanted pedestal-
subcollector technology described in Chapter 5 . An implanted, buried subcollector
is formed in Sl InP substrate by high energy Si implants. Fe is used to compensate
the top 0.2um of Si to make this region Semi-Insulating. An additional set of Si im-
plants then form advt* pedestal link to the subcollector. Such a topology requires
no extra growths and is very planar. By tailoring the width of the pedestal, the col-
lector can be scaled independent of the base mesa dimensions. Several experiments
and measurements are carried out to completely characterize this device structure.
The sheet resistance of the subcollector and pedestal are designed to be low, so as
to not hurt the collector resistance. The implant and anneal conditions are devel-
oped to result in a crystalline semiconductor before growth. Standard mesa devices
can then be fabricated after growth. Thus this process is very modular. Microwave
devices fabricated, demonstratgds of over 350 GHz and,,.. of over 400 GHz
[4]. The breakdown voltages are higher than triple mesa DHBTs due to lower ac-
tive surface states. Thg&, reduction was~ 30 %. The large collector resistance
and lateral straggle due to the pedestal implant has limited the performance of this
device. The collector resistance is higher than a standard mesa DHBT, partly due
to a poor ohmic contact and partly due to Fe piling up at the interface between the
pedestal and the subcollector, causing a vertical resistance at this interface. This is
due to the large implant dose of Fe. This has been solved by using a lower fluence of
Fe where no such pile-up in observé® (5 in Chapter 5 ). The lateral straggle can
be solved by reducing the dimensions of the implant mask, as discus§édbim
Chapter 5 . With these two modifications, cut off frequencies in excess of 500 GHz
are expected, at the current scaling node. As devices are laterally and vertically
scaled,C,, contributes increasingly to delay of analog and digital circuits. Such a
technology should enablé., reduction in an elegant, high yield process.

Digital latches were fabricated using a similar collector pedestal process at Rock-
well Scientific. These devices had cut-off frequencies-a350 GHz. Low power
CML dividers havingA Vi, is 250 mV and effective loading resistance of X00-
Lita = 2.5 MA, are demonstrated [5]. The divider operation is fully static, operating
from f... =4 GHz to 61.2 GHz while dissipating 27.1 mW of power in the flip-
flop from a single -2.30 V supply. The power-delay product of this circuit is 113.0
fd/latch. This is a record low power-delay product for an InP DHBT-based static
frequency divider. Without the implanted collector technology, dividers in a regular
mesa DHBT process clocked at a maximum of 51 GHz while consuming 29.2 mW
of power. Thus a 2% improvement in logic speed is achieved. Ultra high speed
CML logic circuits have also been demonstrated. With the collector pedestal tech-
nology, the maximuny,;,.x is ~ 135 GHz, while dividers in the triple mesa process
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clocked at a maximum of 110 GHz. Initial testing of ECL static frequency dividers
show promising results, with self oscillation frequencies in excess of 95 GHz, a 10
% improvement over the fastest logic circuits demonstrated [6]. These results have
been obtained with first generation DHBTs with collector pedestals with the pro-
cess still at its infancy. Very high bandwidth power amplifiers at over 300 GHz and
digital circuits clocking at 200 GHz are feasible even in the near future.

6.2 Future work

The first demonstration of these implanted collector yielded devices with record
bandwidths. However, the full potential of this process is limited by

e Large straggle due to pedestal implant
e Large vertical resistance in the pedestal collector due to Fe pileup
e Poor ohmic contacts t&/ ™" InP

As discussed i§5.5, the contact resistivity to th€** InP collector can be reduced

by forming the alloyed collector ohnmics before the base metal deposition, allowing
a very high temperature anneal. The Fe pile-up is shown to be decreased at lower
implant doses of Fe, while the pedestal implant mask can be redesigned to overcome
the lateral implant straggle. By carefully choosing the implant doses of Fe and Si
pedestal implant, these problems is shown to be overcome. Simulations predict
device bandwidth in excess of 500 GHz with these enhancements.

The triple implanted pedestal subcollector process is very modular and can be in-
serted into many HBT technologies. Regrown HBTs have been demonstrated with
0.3um emitter features [7]. As seen in Chapter 2, the emitter resistance also needs to
be reduced with scaling generations. Utilizing very thin collectors and base layers,
the implanted collector processes can be combined with emitter regrowth, to de-
crease the transit times and RC charging time constants. Initial simulations predict
devices withf,,.. close to 800 GHz (Chapter 2 ). The emitter resistance is limited
by the contact resistivity of the ohmic contatitsitu MBE deposited ErAs is known
to form a perfect ohmic to InGaAs [8]. The implanted collector process can again
inserted into a process utilizing ErAs ohmics for the emitter. All three processes can
also be combined to yield HBTs with cut-off frequencies in excess of a THz and
digital logic circuits clocking at over 300 GHz.

As seen in Chapter 5 , the Fe compensation of Si implant results in effective
blocking of current till~ 2V. This suggests a restructuring of the HBT, to form a
collector-up HBT such that Fe implantis used for emitter scaling, as seen iAFig.
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A N~/N** template is grown and Fe is selectively implanted throughtheemit-

ter. Taking advantage of the lateral straggle of this implant, narrow emitter base
junctions can be defined. The base and collector are then grown, and the device is
formed in a similar triple mesa process as in [6]. The collector base junction is now
very narrow and there is zero extrinsic capacitance. The emitter resistance is now a
lateral resistance. Th&** emitter can be made thick to reduce the lateral access
resistance in the semiconductor. This hurts device planarity, however, trench isola-
tion techniques can be developed as in Fig. 6.2. The emitter resistance is, to first
order, independent of the emitter base junction area.

LW,
ch X TC (621)
Pe
o OC — 2.2
R, L. (6 )

Hence, devices can be laterally scaled without significantly affecting the emitter
resistance. This is particularly useful for high speed digital logic circuits.

With such enhancements described above, InP HBTs are poised to break the 1
THz barrier. These ultra high speed devices may find applications in high band-
width communication links and sensing operations. The majority of the applications
will remain unforeseen. Indeethe principal applications of any sufficiently new
and innovative technology have always been applications that were created by that
technology[9].
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Implantation Analysis

EVERAL techniques exist to evaluate the implants. Various parameters relating

to the implant need to be determined.

e Spatial distribution of the implanted ions to determine exact ion range and ion
diffusion

e Crystallinity or defect density in the material due to the implant
e Surface quality of the implanted substrate

e Electrical properties, such as carrier mobility, sheet charge concentration, re-
sistivity

e Substitutionality of the implanted dopants

Secondary lon Mass spectrometry(SIMS)[1] is the preferred technique to evaluate
depth profiles of the implanted ions and is used here to evaluate Si and Fe distri-
butions in InP. During SIMS analysis, the sample surface is slowly sputtered away
by bombarding with primary ions. The sputtering process produces secondary ions
of the constituent elements of the substrate with a range of (translational) kinetic
energies. Monitoring the secondary ion count rate of selected elements as a function
of time leads to depth profiles. The analysis usually ¥s€s or O~ primary ions.

The mass spectra of the secondary ions, obtained by continuously monitoring the
ion signal while scanning a range of mass-to-charge (m/z) ratios, detects and distin-
guishes both atomic and molecular ions. The depth resolution of SIMS is between 2
- 30 nm. Mass interferences occur whenever another ion has the same nominal mass
as the analyzed ion. Such interferences are called isobaric. During the analysis of
iron in silicon for example, 283 interferes because it has the same mass-charge
as as 56Fe. In this case isotopes such as 29Si or 54Fe are detected and scaled us-
ing the corresponding sensitivity factors. SIMS is a destructive technique due to the
sputtering away of the constituent elements.
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Instrumental Conditions

Condition Number I 2
Instrument Cameca Cameca
Elements Monitored Si Fe
Primary lon Beam Cs Cs
Primary lon Energy 14.5keV 5.5keV
Secondary fon Polarity Negative Positive
Onvgen Leak No No
Charge Neutralizationt No No
Surface Conductive Coating? None None
Liguid Nitrogen Cold Trap* Yes No

+ Used for accurate analysis of insulating samples or substrates.
* Used tominimize instrumental background for atmospheric impurities.

Figure A.1: The conditions used for SIMS in this dissertation

To evaluate the damage or crystallinity, various methods are used such as Ruther-
ford Backscattering spectrometry (RBS), Transmission Electron Microscopy (TEM),
X-Ray Diffraction (XRD) and Photoluminescence spectra (PLs). Only RBS is dis-
cussed here since this is primarily used for evaluating crystal quality. Rutherford
backscattering [2] detects the energies and amount of the backscattered ions from a
solid target. lon channeling is a specific application of RBS in which the absence of
backscattering signal is quantified. In an ion backscattering application, alignment
of the incident beam with a major crystallographic axis will allow the incident ions
to be channeled down the open regions of the crystal lattice. For a channeled ori-
entation, the incident ions can be transported to very great deptBs5um) from
which backscattering events cannot be detected. If the crystal lattice contains either
matrix or impurity atoms which are not in the crystal structure, that is, interstitial
in the crystal structure, backscattering events can quantify the concentration of in-
terstitial atoms (in units of atoms/én Thus, range and extent of damage from ion
implantation, degree of crystal regrowth upon annealing, and the degree of impurity
substitutionality/interstitiality can all be quantified in an ion channeling experiment.
Here channeled and rotating random RBS spectra are acquired at detector angles of
160° and 100 from the forward trajectory of the incident He ion beam. The different
depth resolution and backscattering kinematics afforded by the use of two different
angles improve the accuracy of the measurements. The grazing detector spectra
are sensitive to the surface layers of the crystal and provide more precise damage
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depths. When the sample is moved in a rotating random orientation, the sample
normal is precessed about the incident ion-beam. The backscattering spectrum from
this orientation is representative of a spectrum from a polycrystalline sample and
is normalizable as the signal for 1%@0amorphization at all depths. The channeled
spectra can then be compared to the rotating random spectra to yield quantifiable
channeling parameters.
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Figure A.2: A sample RBS spectra for SI InP:Fe substrate

To evaluate surface morphology, Atomic Force Microscopy(AFM) [3] is used.
These are variations on a method of imaging surfaces with atomic or near-atomic
resolution, collectively called scanning probe microscopy (SPM). A small tip is
scanned across the surface of a sample in order to construct a 3-D image of the
surface. Fine control of the scan is accomplished using piezoelectrically-induced
motions. Any type of surface can be probed by the molecular forces exerted by the
surface against the tip. The tip can be constantly in contact with the surface, it can
gently tap the surface while oscillating at high frequency, or it can be scanned just
minutely above the surface. Image processing software allows easy extraction of
useful surface parameters.
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Roughness Analysis

Image Statistics

2.50

rReference : wvirgin InP My first AFM

Figure A.3: AFM scan of SI InP substrate

Electrical properties such as mobility and sheet charge density are obtained from
Hall measurements. The basic physical principle underlying the Hall effect [4] is
the Lorentz force. When an electron current is(due to an applied Electric Field) in
a direction perpendicular to an applied magnetic field, it experiences a force acting
normal to both directions and moves in response to this force, resulting in an excess
surface electrical charge on the side of the sample. This charge results in the trans-
verse Hall voltage that can be measured. The sheet charge density can be extracted

as I B
X
q X |Vu| ( )
Thus, by measuring the Hall voltagé, and from the known values of I, B, and q,
one can determine the sheet densityof charge carriers in semiconductors. The

Hall voltage is negative for n-type semiconductors and positive for p-type semi-
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conductors. The sheet resistance RS of the semiconductor can be conveniently de-
termined by use of the van der Pauw resistivity measurement technique [5]. Since
sheet resistance involves both sheet density and mobility, one can determine the Hall
mobility from the equation

(A.0.2)
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Implanted collector InP HBT / Circuit
Process Flow

HIS appendix details the process flow for fabricating implanted collector InP
DHBTSs and circuits.

e The high temperature annealing steps are critical

— Clean the quartz chamber in the RTA thoroughly with solvents. Clean
the RTA chamber by flowingV, gas for atleast 1 hour just prior to actual
anneal. Do atleast 2-3 dummy runs before actual anneal.

— A very smoothSi, N, is very important for a defect free anneal. Clean
the PECVD chamber for atleast 1 hour prior to deposition. When doing
backside deposition, do not slide the wafer off the platen, and ensure that
the platen is coated first with atleast 100 nmSef N,,.

— Pristine surface quality is to be maintained for all steps prior to growth.
The wafer should always be handled at the edges with a clean tweezer.
There should be absolutely no scratches on the wafer.

— Any organics present on the wafer will give rise to pitting at the surface
during anneal. The wafer should be very clean of PR and other organics
before encapsulation withii,, V,,.

e Extra precaution should be exercised when handling a 2 inch InP wafer.

— Before spinning PR, always check the chuck vaccuum during spin with
a dummy 2 inch GaAs wafer.

— When placing clips on the wafer during sputtering or evaporation, make
sure that they are not in the same direction from the major and minor
flats (or the wafer will crack).
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Sometimes, the PR + a thidk, NV, implant mask will fail to resolve the align-
ment targets for local alignment in the GCA stepper. In this case, open win-
dows over one set of alignment targets.

The process tolerances are sensitive to the quality of the photoresist

— If uncertain of the age and/or quality of the PR, pour a new bottle

— This is especially important for SPR-518, SPR-510, SPR-955, CEM, and
nLOF 2020

When spinning PR, use a slow acceration

— l.e. It should take 2- 2.5 seconds to reach maximum spin speed

For the following steps, a focus array is required for accurate features:

Ni alignment targets lithography
Pedestal implant lithography
Emitter contact lithography
Base contact lithography

a bk wbnh Pk

Base post lithography

— Otherwise, the focus offset on subsequent stepsis =0
— Always inspect the focus checkers thoroughly after development

e \Wafer orientation

— There are two type of wafers

1. European / Japan flat option wafer where the minor flat is to the left
of the major flat

2. US flat option wafer where the minor flat is to the right of the major
flat

— To ensure proper semiconductor mesa etch undercut, the long-axis of the
emitter should be oriented...

x Perpendicular to the major flat for European / Japan flat option wafers
x Parallel to the major flat for US flat option wafers

— MBE growth can be performed only on full 2 inch InP wafers. The wafer
is cleaved after growth
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1. Blanket Fe implant and anneal

e Ship the 2 inch Sl epi-quality InP wafers for Fe implant. For implanted
subcollector DHBTSs, choose low energy-low dose implant as described
in Chapter 4 . For the implanted pedestal-subcollector DHBTSs, choose
a higher energy (typically~ 150 keV) and higher fluence (1-810*
ions/cnt). The implants are always carried out aoffset and at 200C.

This implant temperature is critical as described in Chapter 3 . Implant
current should be maintained 50 pA.

e RecordNy, K, from ellipsometer
e Deposition ofSi, N, in the PECVD

— Clean insides of PECVD with DI first, then I1SO.

— Perform 30 minutes clean of the PECVD and condition v#ith/V,—
use standard program

— Surface preparation — 20 sec BHF + 2 min DI water rinse
— Deposit 40 nm ofSi, N, at 265°C on the wafer

— Deposit 40 nm ofSi, N, at 265°C on the platen

— Prepare ozone reactor — run empty, 20 min

— Surface Preparation fo$:, N, deposition 1 — Oxidise wafer in uv
Ozone for 120 sec

— Surface Preparation fd§i, N, deposition 2 — 30 sec clean in BHF,
rinse in DI for 5 min

— Deposit 40 nm ofSi, N,, on the top side
— Solvent clean — 3 min 2-propanol, 3 min DI water rinse
— Check quality of SiNx

— If Si,N, looks rough or non uniform: remove in BHF for 10 min
and rinse in running DI water for 5-10 min and repeat above steps
from the uv Ozone. 157, N, still looks rough, increase uv Ozone
time to 200 sec

— Deposit 100 nm of, N, on PECVD platen

— Place wafer very, very gently with top side on plat&wo not let it
slide

— Deposit 40 nm ofSi, N,, on the back side
e After 1h clean of RTA, run empty 700C for 300s
¢ Run actual wafer anneal at 70Q for 300s
e RemoveSi, N, cap by agitating in BHF for- 10 min
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e Rinse in running DI for 5 min

e Inspect under microscope to ensure that is no extensive pitting on the
surface

e RecordN,, K, using P270000 on Ellipsometer. When annealed fully,
these should be same as for virgin SI InP substrate

2. Alignment targets definition

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

HF clean — 5 min conc. HF:DI (10 ml: 200 ml), 5 min in running DI
water

Dehydration bake — 12, 10 min
Cool wafer, 5 min
Sputter TiW
— Prepare sputter tool — load TiW source, TiW anode, TiwW shims and

W shield

— Load wafer and after a quick pumpdown, ensure correct operation
by turning on DC power and checking if plasma is light violet-blue

— Ensure that the system pumps downt@x10~"T. At < 1x10~°
Torr, addL N, if necessary

— RF back sputter for 2 min at 100 V
— Sputter for 1-2 min at 200W with shutter closed
— Open shutter and sputter on wafer for 30 min at 200W,~0850
nm of Tiw
e Inspect under microscope
e Deposition ofSi, N, in the PECVD

— Clean insides of PECVD with DI first, then 1SO.

— Perform 30 minutes clean of the PECVD and condition v#ith/V,—
use standard program

— Surface preparation — 20 sec BHF + 2 min DI water rinse
— Deposit 40 nm ofSi, N, at 265°C on the wafer

e Lithography and for Ni metal liftoff

— Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water
rinse

— Photoresist spin — LOL-2000, 1 kRPM, 45 sec
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— Pre-exposure PR soft bake — 2XD, 5 min
— Photoresist spin — SPR-955-0.9CM, 3 kRPM, 30 sec
— Pre-exposure PR bake — 96, 1 min
— Shoot ‘Alignment Mark * pattern in stepper, 0.9 sec
— Post-exposure PR bake — 200 60 sec
— Develop in MF-701 developer, 60 sec
— Rinse wafer — DI water for 2 min, Ndry
— Inspect wafer using optical microscope
e \ent E-beam 4, load private source — Ni
e Allow system to pump-down for 90 min te 107° torr
e Deposit 3004 of Ni at 1 A/s
e Metal liftoff — 1165 stripper, 80C, 2 hour
e Remove metal and place sample in fresh 1165 stripp&€ 820 min
e Gently agitate sample surface with small pipet
¢ Rinse sample in 2-propanol before transferring t@Hbr Solvent clean

e If scum present, squirt with pipette and leave in PRX-127X&0 °C)
for 15 min

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
e Dry etch alignment targets

— Clean RIE chamber with @/50 mT/500 V for 60 min

— Dry etch TiW with SK/Ar for 2.5/10 sccm, 20 mT, 100 V — Use
laser monitor to determine stop time

— Over etchfor 1 min 30 s
— Inspect under microscope
— Check height using profilometer

3. Deposition of Si, N, as implant mask using the PECVD
The thickness of thg, NV, implant mask is determined by the implant condi-
tions. Use TRIM and the discussion in this thesis to determine the thickness
of Si, N,.. For 350 keV Siimplant, 140 nm dfi, N, is sufficient. Also load a
GaAs dummy wafer along with actual wafer during all depositions

e Clean insides of PECVD with DI first, then ISO.

e Perform 30 minutes clean of the PECVD and condition ith.V,— use
standard program
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e Prepare ozone reactor — run empty, 20 min

e Surface Preparation fafi, .V, deposition :1 — Oxidise wafer in uv Ozone
for 200 sec

e Surface Preparation fdfi, /V, deposition :2 — 30 sec clean in BHF, rinse
in DI for 5 min

e Deposit 40 nm ofSi, N, on the wafer

e Check quality of SiNx. IfS7,V, looks rough or non uniform: remove in
BHF for 10 min and rinse in DI 5-10 min and repeat above steps from
the uv Ozone. IfSi, N, still looks rough, increase uv Ozone time to 300
sec

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse

e If Si, N, is uniform and smooth, deposit 200 nm more%f, V, on the
wafer and the dummy GaAs

e Inspect under microscope

e Perform 30 minutes clean of the PECVD and condition vith.V,— use
standard program

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse

e If Si, N, is uniform and free of pinholes, deposit 400 nm more&ofN,
on the wafer and the dummy GaAs

e Inspect under microscope

e Perform 30 minutes clean of the PECVD and condition vith.V,— use
standard program

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse

e If Si, N, is uniform and free of pinholes, deposit 400 nm more&ofN,
on the wafer and the dummy GaAs

e Inspect under microscope

e Perform 30 minutes clean of the PECVD and condition ith.V,— use
standard program

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse

e If Si, N, is uniform and free of pinholes, deposit 400 nm more&ofN,
on the wafer and the dummy GaAs

e RecordN,, K, using P270000 on Ellipsometer and calculate thickness
from Filmetrics
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4. Subcollector Implant Mask lithography

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 12, 10 min

Cool wafer, 5 min

Photoresist spin — SPR-518, 4 kRPM, 30 sec

Pre-exposure PR bake — 90, 60 sec

Shoot ‘Align Window’ pattern in stepper, 0.7 sec — deliberately underex-
posed to not clear all photoresist over alignment targets

Mini post-exposure PR bake — 9Q, 10 sec
Develop in MF-701 for 40 sec
Rinse wafer — DI water for 20 secNiry

Inspect wafer using optical microscope and measure PR removed using
profilometer

Second pre-exposure PR bake <€) 20 sec

Shoot ‘Subcollector Implant’ pattern in stepper, 1.0 sec
Post-exposure PR bake — 105, 10 sec

Develop in MF-701 for 2 min

Rinse wafer — DI water for 3 min sec,;Niry

Inspect wafer using optical microscope and measure PR height profilome-
ter

5. Dry etch of Si, N, implant mask

uv flood expose wafer for 1 - 2 min
Clean RIE chamber with @ at 50 mT, 500 V for 60 min

Place dummy real wafer and GaAs wafer with the same thickness of
Siy N, in the chamber. Ensure that the laser strikes the center of the
GaAs dummy wafer.

Pump down to< 9x107° T. Dry etch using ClF: O, 20 : 2 sccm, 20
mT, 200 V. The etch rate is 400A / min

Monitor reflected laser signal carefully. Not the time at which the etch
has stopped, as indicated by a constant intensity of the reflected laser
signal. Over etch for 2 min at 200 V, and then for 2 more min at 100 V.
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Inspect using optical microscopesf, NV, is removed fully wherever Si
is to be implanted

Measure height of PR + implant mask

If Si, N, is uniform repeat dry etch with 1 min increments.
uv flood expose wafer for 1 - 2 min

Strip PR in conc. AZ-400K for 3 min

Gently agitate sample surface with small pipet

Rinse wafer — DI water for 2 min, Ndry

If scum present, squirt with pipette and leave in PRX-127X&0 °C)
for 15 min

Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

Inspect wafer using optical microscope and measure thickne$s, of,
implant mask with the profilometer

Carefully record misalignment of the subcollector implant pattern with
the zero level targets over the entire wafer

SEM subcollector implant patterns to measure actual dimensions of the
subcollector implant windows

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 12, 10 min

6. Ship for Si subcollector implant
For implanted subcollector-pedestal implant, a multiple energy-fluence im-
plant is performed to obtair 1x10' cm~3 over ~ 400 - 500 nm for a low
sheet resistance of the subcollector and a high surface doping. For implanted
pedestal - subcollector process, Si implant is performed at 350 keV with a
fluence of< 6x10'* ions/cnt. Chapter 3 details the implant process.

7. Post implant processing— Si, NV, (and Ni) removal

Inspect wafers in the optical microscope and record misalignment again

If scum present, squirt with pipette and leave in PRX-127X&0 °C)
for 15 min

Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

Prepare HF beakers — rinse thoroughly in DI and then breifly in BHF
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e Agitate in 250 ml of HF continuously tilbi, N, is seen to disappear and
the wafer becomes colorless. Over etch for 10 min and ensure that no
Si, N, remains

e Try to measureN;, Ty, of Si, N, on Ellipsometer — ifSi, N, is fully
gone, the reading will be in error

e Inspect wafers in the optical microscope and ensure§hav, is com-
pletely removed Also, ensure that Ni afd, NV, on top of TiW alignment
targets are completely removed

¢ if Ni is not fully removed, repeat BHF wet etch with constant agitation
in 5 min increments

e Measure height of alignment targets profilometer. Check profile across
the implanted regions — there should be less thd0 A variation

8. High temperature anneal

e RecordNy, K of the InP wafer using P270000 on Ellipsometer
e Deposition ofSi, N, in the PECVD

— Clean insides of PECVD with DI first, then 1SO.

— Perform 30 minutes clean of the PECVD and condition v#ith/V,—
use standard program

— Surface preparation — 20 sec BHF + 2 min DI water rinse
— Deposit 40 nm ofSi, N, at 265°C on the wafer

— Deposit 40 nm ofSi, N,, at 265°C on the platen

— Prepare ozone reactor — run empty, 20 min

— Surface Preparation fo$:, N, deposition 1 — Oxidise wafer in uv
Ozone for 100 sec

— Surface Preparation fd§i, N, deposition 2 — 30 sec clean in BHF,
rinse in DI for 5 min

— Deposit 40 nm ofSi, N,, on the top side
— Solvent clean — 3 min 2-propanol, 3 min DI water rinse
— Check quality of SiNx

— If Si,N, looks rough or non uniform: remove in BHF for 10 min
and rinse in running DI water for 5-10 min and repeat above steps
from the uv Ozone. 157, N, still looks rough, increase uv Ozone
time to 150 sec

— Deposit 100 nm of, N, on PECVD platen
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— Place wafer very, very gently with top side on plat&o not let it
slide

— Deposit 40 nm ofSi, N,, on the back side
e After 1h clean of RTA, run empty 80TC for 30 sec, twice

e For implanted subcollector process, run actual wafer anneal at@00
for 30 sec
For implanted subcollector-pedestal process, run actual wafer anneal at
600°C for 10 sec

e RemoveSi, N, cap by agitating in BHF for- 10 min
e Rinse in running DI for 5 min

e Inspect under microscope to ensure that is no extensive pitting on the
surface

e RecordN,, K, of the wafer using P270000 on Ellipsometer. When an-
nealed fully, these should be same as for virgin Sl InP substrate

For a implanted subcollector process, proceed straight to surface preparation
in step 15.

For implanted subcollector-pedestal process, proceed to next step which is
definition of Si, N,, mask for pedestal implant

9. Deposition of Si, N, as pedestal implant mask using the PECVD
The thickness of thg, NV, implant mask is determined by the implant condi-
tions. Use TRIM and the discussion in this thesis to determine the thickness
of Si,N,.. For 100 keV Siimplant, 80 nm of7i, N, is sufficient. Also load a
GaAs dummy wafer along with actual wafer during all depositions
e Clean insides of PECVD with DI first, then ISO.

e Perform 30 minutes clean of the PECVD and condition vith.V,— use
standard program

e Prepare ozone reactor — run empty, 20 min

e Surface Preparation fafi,/V, deposition :1 — Oxidise wafer in uv Ozone
for 200 sec

e Surface Preparation fdfi, /V, deposition :2 — 30 sec clean in BHF, rinse
in DI for 5 min

e Deposit 40 nm ofSi, N, on the wafer
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e Check quality of SiNx. IfS7,V, looks rough or non uniform: remove in
BHF for 10 min and rinse in DI 5-10 min and repeat above steps from
the uv Ozone. IfSi, N, still looks rough, increase uv Ozone time to 300
sec

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse

e If Si, N, is uniform and smooth, deposit 200 nm more%f, NV, on the
wafer and the dummy GaAs

e Inspect under microscope

e Perform 30 minutes clean of the PECVD and condition ith.V,— use
standard program

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse

e If Si, N, is uniform and free of pinholes, deposit 300 nm more&ofN,
on the wafer and the dummy GaAs

e Inspect under microscope

e Perform 30 minutes clean of the PECVD and condition vith.V,— use
standard program

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse

e If Si, N, is uniform and free of pinholes, deposit 400 nm more&ofN,
on the wafer and the dummy GaAs

e Inspect under microscope

e Perform 30 minutes clean of the PECVD and condition vith.V,— use
standard program

e Solvent clean — 3 min 2-propanol, 3 min DI water rinse
e RecordN,, K, using P270000 on Ellipsometer and calculate thickness
from Filmetrics
10. Pedestal Implant lithography

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 12, 10 min

Cool wafer, 5 min

Photoresist spin — SPR-510, 3 kRPM, 30 sec

Pre-exposure PR bake — 90, 60 sec

Shoot ‘Pedestal Implant’ pattern in stepper, 1.4 sec
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Post-exposure PR bake — 105, 10 sec
Develop in MF-701 for 2 min
Rinse wafer — DI water for 3 min sec,;Niry

Inspect wafer using optical microscope. If misalignmentto ZLTs is more
than 0.1um, repeat lithography

11. Dry etch of Si, N, implant mask

uv flood expose wafer for 1 - 2 min
Clean RIE chamber with @ at 50 mT, 500 V for 60 min

Place dummy real wafer and GaAs wafer with the same thickness of
Siy N, in the chamber. Ensure that the laser strikes the center of the
GaAs dummy wafer.

Pump down to< 9x107% T. Dry etch using CF: Oy, 20 : 2 sccm]10
mT, 200 V. The etch rate iss 400A / min

Monitor reflected laser signal carefully. Not the time at which the etch
has stopped, as indicated by a constant intensity of the reflected laser
signal. Over etch for 2 min at 200 V, and then for 2 more min at 100 V.

Inspect using optical microscopesf, NV, is removed fully wherever Si
is to be implanted

Measure height of PR + implant mask

If Si, N, is uniform repeat dry etch with 1 min increments.
uv flood expose wafer for 1 - 2 min

Strip PR in conc. AZ-400K for 3 min

Gently agitate sample surface with small pipet

Rinse wafer — DI water for 2 min, Ndry

If scum present, squirt with pipette and leave in PRX-127X&0 °C)
for 15 min

Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

Inspect wafer using optical microscope and measure thickne$s, of,
implant mask with the profilometer

Carefully record misalignment of the pedestal implant pattern with the
zero level targets over the entire wafer
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SEM pedestal implant patterns to measure actual dimensions of the win-
dow

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 12, 10 min

12. Ship for Si pedestal implant
For implanted subcollector-pedestal implant, a multiple energy-fluence im-
plant is performed to obtair- 1x10' cm™ over the existing Fe doping.
Chapter 5 details the implant conditions.

13. Post implant processing— Si, N, (and Ni) removal

Inspect wafers in the optical microscope and record misalignment again

If scum present, squirt with pipette and leave in PRX-127X&0 °C)
for 15 min

Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

Prepare HF beakers — rinse thoroughly in DI and then breifly in BHF

Agitate in 250 ml of HF continuously tilbi, N, is seen to disappear and
the wafer becomes colorless. Over etch for 10 min and ensure that no
Si, N, remains

Try to measureN;, Ty, of Si, N, on Ellipsometer — ifSi, N, is fully
gone, the reading will be in error

Inspect wafers in the optical microscope and ensure$haV, is com-
pletely removed.

Measure height of alignment targets profilometer. Check profile across
the implanted regions — there should be less thd0 A variation

14. High temperature anneal

RecordN,, K of the InP wafer using P270000 on Ellipsometer
Deposition ofSi, N, in the PECVD

— Clean insides of PECVD with DI first, then 1SO.

— Perform 30 minutes clean of the PECVD and condition v#ith/V,—
use standard program

— Surface preparation — 20 sec BHF + 2 min DI water rinse
— Deposit 40 nm ofSi, N, at 265°C on the wafer

205



APPENDIXB. IMPLANTED COLLECTOR INP HBT/CIRCUIT PROCESS FLOW

— Deposit 40 nm ofSi, N, at 265°C on the platen
— Prepare ozone reactor — run empty, 20 min

— Surface Preparation fo$:, N, deposition 1 — Oxidise wafer in uv
Ozone for 100 sec

— Surface Preparation fd§i, N, deposition 2 — 30 sec clean in BHF,
rinse in DI for 5 min

— Deposit 40 nm ofSi, N,, on the top side
— Solvent clean — 3 min 2-propanol, 3 min DI water rinse
— Check quality of SiNx

— If Si,N, looks rough or non uniform: remove in BHF for 10 min
and rinse in running DI water for 5-10 min and repeat above steps
from the uv Ozone. 157, N, still looks rough, increase uv Ozone
time to 150 sec

— Deposit 100 nm of, N, on PECVD platen

— Place wafer very, very gently with top side on plat&o not let it
slide

— Deposit 40 nm ofSi, N,, on the back side
e After 1h clean of RTA, run empty 80TC for 30 sec, twice
¢ Run actual wafer anneal at 80Q for 30 sec
e RemoveSi, N, cap by agitating in BHF for- 10 min
e Rinse in running DI for 5 min

e Inspect under microscope to ensure that is no extensive pitting on the
surface

e RecordN,, K, of the wafer using P270000 on Ellipsometer. When an-
nealed fully, these should be same as for virgin Sl InP substrate

If the alignment targets are stable, the wafers are ready for growth.
15. Surface preparation

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

Prepare ozone reactor — run empty, 20 min

Surface preparation 1 — oxidize wafer surface in ozone reactor, 10 min

Surface preparation 2 — conc. HF:DI water 5 ml:200 ml for 5 min

Surface preparation 3 — Rinse in running DI water for 5 min

Load samplemmediately in the MBE chamber
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MBE growth of drift collector, base, emitter layers. RHEED is continu-
osly monitored to ensure that the growth is excellent

16. Wafer preparation for emitter lithography — wet etch of semiconductor
over TiW alignment targets

Inspect wafer in the SEM

Inspect wafer under the optical microscope. For the GCS stepper, align-
ment marks after regrowth are not resolved by the DFAS local alignment
system. The layers on top of the alignment targets have to be removed

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 12, 10 min

Cool wafer, 5 min

Photoresist spin — SPR-510, 4 kRPM, 30 sec
Pre-exposure PR bake — 90, 60 sec

Shoot ‘Align window’ pattern in stepper, 1.4 sec
Post-exposure PR bake — 105, 10 sec

Develop in MF-701 for 2 min

Rinse wafer — DI water for 3 min sec,;Niry
Inspect wafer using optical microscope
Prepare two beakers with...

(a) HsPO,:DI water,:DI water, 1:1:25 — use stirrer at 200 RPM
(b) H3PO,:HCI, 4:1 — use stirrer at 200 RPM

Etch InGaAs emitter cap in #0O;:H,O,:DI water~ 25 sec

Inspect under microscope and check in profilometer to ensure all InGaAs
is etched

Etch InP emitter in HPO,:HCI =~ 40 sec

Inspect under microscope and check in profilometer to ensure all InP is
etched

Etch InGaAs base in #PO,:DI water:DI water~ 40 sec

Inspect under microscope and check in profilometer to ensure all InGaAs
is etched

PR removal
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— Place sample in 1165 PR stripper,80 1 hour

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

— If scum is present, squirt gently in AZ-300T PR stripper; 8015
min

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

17. Wafer cleaving

For the local-alignment DFAS (Dark-Field-Alignment-System) system
to work on the i-line GCA stepper, the minimum size of the sample to be
processed should be greater than 1 x 1inch

Cleave into 4 quarters carefully along the boundary of a die.

18. Emitter contact lithography

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 12, 10 min

Cool wafer, 5 min

Photoresist spin — SPR-955, 2.5 kRPM, 30 sec

Pre-exposure PR bake — 92, 60 sec

CEM coat and spin

— Coat wafer w/ CEM and let sit for 60 sec
— Then spin 4 kRPM, 30 sec

Shoot ‘emitter’ pattern in stepper, 2.055 sec
Post-exposure PR bake — 110, 60 sec
Development
(a) Rinse CEM from wafer surface using DI water, 30 sec
(b) Immediately transfer wafer to MF-701 developer

— Develop for 2 min 20 sec
Rinse wafer — DI water for 2 min, Ndry

Inspect wafer using optical microscope. Misalignment to pedestal should
be < 0.05um
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19. Emitter contact deposition

e Prepare ozone reactor — run empty, 20 min
e Surface preparation — oxidize wafer surface in ozone reactor, 10 min
e \ent E-beam 4, load private sources — Ti, Pd, and Au

e Surface preparation — HCI:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N dry

e Load sample in E-beam 4 — orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

e Allow system to pump-down for 90 min tet 10-¢ torr
e Deposit emitter contact
— Ti200A (1 A/sec)
— Pd 400A (1 A/sec)
— Au 7500A
« 1 Alsec for 1-3004
« 2 Alsec for 301-500%
« 3 Alsec for 501-100G\
« 4-5A/sec 1001-7506
e Metal liftoff — 1165 stripper, 80C, 2 hour
e Remove metal and place sample in fresh 1165 strippetC8@0 min
— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
e Anneal emitter contact, 300, N, purge, 60 sec

20. Emitter mesa etch

e Prepare three beakers with...
(&) NH,OH:DI water, 1:10
(b) H3PO,:H,0O,:Dl water, 1:1:25 — use stirrer at 200 RPM
(c) H3POy:HCI, 4:1 — use stirrer at 200 RPM

e Dip sample — NHOH:DI water solution 10 sec, DI water rinse 10 sec,
Ny dry
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e Etch InGaAs emitter cap in #0O;:H,0,:DI water~ 21 sec

— Overetch should only be 3 sec from the time the color change is
complete

— Inspect under microscope to ensure all InGaAs is etched
e Etch InP emitter in HPO,:HCI =~ 35 sec

— Overetch should only be 5 sec from the time the color change is
complete

— Inspect under microscope to ensure all InP is etched
21. Base contact lithography

¢ No solvent cleaned needed after emitter mesa etch
e Dehydration bake — 12, 10 min

e Photoresist spin — nLOF 2020, 4 kRPM, 30 sec

e Pre-exposure PR bake — 1, 60 sec

e Shoot ‘base contact’ pattern in stepper — 0.46 sec
e Post-exposure PR bake — T4 60 sec

e Development — MF-701 developer, 2 min

e Rinse wafer — DI water for 2 min, Ndry

e Inspect wafer using optical microscope

22. Base contact deposition

e Prepare ozone reactor — let run empty for 20 min
e Surface preparation — oxidize wafer surface in ozone reactor, 10 min
e \ent E-beam 4, load private sources — Ti, Pd, and Au

e Surface preparation — N#H:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

e Load sample in E-beam 4 — orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

e Allow system to pump-down for 90 min te 107° torr
e Deposit base contact

— Pd 25A, Ti170A, Pd 1704, Au 650A
« 1 Alsec for all metal depositions
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« Higher deposition rates onto nLOF 2020 will leave more PR
scum

e Metal liftoff — 1165 stripper, 80C, 1 hour
e Remove metal and place sample in fresh AZ 300T stripp€C800 min

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

— The sample can proceed to ‘base-post’ lithography if there is no
scum on post-end of the base contact

x Otherwise, repeat the AZ 300T step until that is the case
23. Base post lithography

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
e Dehydration bake — 12, 10 min

e Cool wafer, 5 min

e Photoresist spin — SPR-955, 2.5 kRPM, 30 sec

e Pre-exposure PR bake —%2 60 sec

e CEM coat and spin

— Coat wafer w/ CEM and let sit for 60 sec
— Then spin 4 kRPM, 30 sec

e Shoot ‘base post’ pattern in stepper, 2.055 sec
e Post-exposure PR bake — 200) 60 sec
e Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develop 2 min 20
sec

e Rinse wafer — DI water for 2 min, Ndry
e Inspect wafer using optical microscope

24. Base post deposition

e Prepare ozone reactor — run empty, 20 min
e Surface preparation — oxidize wafer surface in ozone reactor, 10 min
e \ent E-beam 4, load private sources — Ti, Pd, and Au
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e Surface preparation — HCI:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N dry

e Load sample in E-beam 4 — orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

e Allow system to pump-down for 90 min te 10-° torr
e Deposit base post

— Pd 25A (1 A/sec)

— Ti170A (1 A/sec)

— Pd 170A (1 A/sec)

— Au 9300A
« 1 Alsec for 1-300A
« 2 Alsec for 301-5008
« 3 Alsec for 501-100Gk
 4-5A/sec 1001-9306

e Metal liftoff — 1165 stripper, 80C, 2 hour
e Remove metal and place sample in fresh 1165 stripp&€ 820 min

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

25. Base mesa lithography

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
e Dehydration bake — 12, 10 min

e Cool wafer, 5 min

e Gently pipette SPR-510 onto the wafer and let it sit for 20-30 sec
e Photoresist spin — SPR-510, 4 kRPM, 30 sec

e Pre-exposure PR bake —@0) 60 sec

e Shoot ‘base mesa’ pattern in stepper, 1.0 sec

e Post-exposure PR bake — 200) 60 sec

e Development — MF-701 developer, 90 sec

e Rinse wafer — DI water for 2 min, Ndry

e Inspect wafer using optical microscope
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26. Base mesa etch

e Prepare three beakers with...
(&) NH,OH:DI water, 1:10
(b) H3PO,:H,O,:Dl water, 1:1:25 — use stirrer at 200 RPM
(c) H3POy:HCI, 4:1 — use stirrer at 200 RPM
e Dip sample — NHOH:DI water solution 10 sec, DI water rinse 10 sec,
N2 dry
e EtchInGaAs base, InGaAs collector setback, and ternary gradd?@pH,0,:DI
water~ 35 sec
— Overetch should only be 5 sec from the time the color change is
complete
— Inspect under microscope to ensure all InGaAs is etched
e Etch InP collectorin HPO,:HCI ~ 35 sec

— Overetch should only be 10 sec from the time the color change is
complete

— This extended overetch is for increased collector semiconductor un-
dercut

— Inspect under microscope to ensure all InP is etched

e Strip PR mask — 1165 stripper, 8C, 20 min

— Gently agitate sample surface with small pipet
— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

27. NiCr Resistor lithography

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 12, 10 min

Cool wafer, 5 min

Photoresist spin — SPR-510, 4 kRPM, 30 sec

Pre-exposure PR bake — 90, 60 sec

CEM coat and spin

— Coat wafer w/ CEM and let sit for 60 sec
— Then spin 4 kRPM, 30 sec

Shoot ‘Resistor’ pattern in stepper, 2.2 sec
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e Post-exposure PR bake — 110, 60 sec
e Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately thereafter transfer wafer to MF-701 developer, develop
2 min 30 sec

e Rinse wafer — DI water for 2 min, Ndry
e Inspect wafer using optical microscope

28. NICr Resistor deposition

e Prepare ozone reactor — run empty, 20 min
Surface preparation — oxidize wafer surface in ozone reactor, 90 sec

Vent E-beam 1, load private sources — Ti, SINICr

Surface preparation — N}¥DH:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

Load sample in E-beam 1
Allow system to pump-down for 60 min te 2-107° torr

Deposit NiCr resistors
— Ti50A (1 Alsec)
— Si0, 200A (1 A/sec)
— NiCr xxx A (1 A/sec)
x For NiCr, Cr out-diffuses more quickly than than Ni
x Thus, the source resistivity goes down after each deposition
x Refer to the NiCr worksheet for accurate determination of NiCr
deposition thickness for 5Q/0
e Metal liftoff — 1165 stripper, 80C, 2 hour
e Remove metal and place sample in fresh 1165 strippetC8@0 min

— Gently agitate sample surface with small pipet
— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

29. Collector contact lithography

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
e Dehydration bake — 120C, 10 min
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e Photoresist spin — nLOF 2020, 3.5 kRPM, 30 sec

e Pre-exposure PR bake — 1, 60 sec

e Shoot ‘collector contact’ pattern in stepper — 0.46 sec
e Post-exposure PR bake — T4 60 sec

e Development — MF-701 developer, 2 min

e Rinse wafer — DI water for 2 min, Ndry

e Inspect wafer using optical microscope

30. Collector contact deposition

e Prepare ozone reactor — run empty, 20 min
e Surface preparation — oxidize wafer surface in ozone reactor, 90 sec

— Do not run sample any longer in the ozone reactor

— Longer ashing will remove PR from above the emitter contaud
oxidize too much of the InGaAs sub-collector contact layer

e \ent E-beam 4, load private sources — Ti, Pd, and Au

e Surface preparation — N#H:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

e Load sample in E-beam 4 — orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

e Allow system to pump-down for 90 min tet 10-¢ torr
e Deposit collector contact
— Ti200A (1 A/sec)
— Pd 400A (1 A/sec)
— Au 4500A
« 1 Alsec for 1-300A
« 2 Alsec for 301-5008
« 3 Alsec for 501-100G
« 4 Alsec 1001-4506
e Metal liftoff — 1165 stripper, 80C, 2 hour

e Remove metal and gently agitate in fresh AZ 300T stripper; 8010
min

¢ Rinse in 2-propanol before transferring to DI water or Solvent clean
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31. Collector post lithography

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake 1260C, 10 min

Cool wafer, 5 min

Photoresist spin — SPR-518, 3.0 kRPM, 30 sec

Pre-exposure PR bake — 90, 60 sec

CEM coat and spin — coat wafer w/ CEM and let sit for 60 sec, then spin
4 kRPM, 30 sec

Shoot ‘collector post’ pattern in stepper, 2.6 sec
Post-exposure PR bake — 110, 60 sec
Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develop 2 min 30
sec

Rinse wafer — DI water for 2 min, Ndry
Inspect wafer using optical microscope

32. Collector post deposition

Prepare ozone reactor — run empty, 20 min
Surface preparation — oxidize wafer surface in ozone reactor, 5 min
Vent E-beam 4, load private sources — Ti and Au

Surface preparation — HCI:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N dry

Load sample in E-beam 4 — orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

Allow system to pump-down for 90 min te: 10-° torr
Deposit collector post

— Ti 100A (1 A/sec)

— Au xxxx A (see list below for deposition rate)

x The collector post needs to be level with the top of the emitter
contact

x Dektak to determine Au deposition thickness
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« 1 Alsec for 1-300A
2 A/sec for 301-500%
3 A/sec for 501-100Gh
4-5 Alsec 1001-xxxA
— Ti100A (1 A/sec)
Metal liftoff — 1165 stripper, 80C, 2 hour
Remove metal and place sample in fresh 1165 strippetfC8@0 min

*

*

*

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

33. Resistor post lithography

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake 120C, 10 min

Cool wafer, 5 min

Photoresist spin — SPR-518, 3.0 kRPM, 30 sec

Pre-exposure PR bake — 90, 60 sec

CEM coat and spin — coat wafer w/ CEM and let sit for 60 sec, then spin
4 kRPM, 30 sec

Shoot ‘resistor post’ pattern in stepper, 2.6 sec
Post-exposure PR bake — 110, 60 sec
Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develop 2 min 30
sec

Rinse wafer — DI water for 2 min, Ndry
Inspect wafer using optical microscope

34. Resistor post deposition

Prepare ozone reactor — run empty, 20 min
Surface preparation — oxidize wafer surface in ozone reactor, 5 min
Vent E-beam 4, load private sources — Ti and Au
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Surface preparation — HCI:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N dry

Load sample in E-beam 4 — orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

Allow system to pump-down for 90 min te: 10-° torr

Deposit resistor post contact
— Ti100A (1 A/sec)
— Au xxxx A (see list below for deposition rate)

x The resistor post needs to level with the top of the emitter con-
tact

Dektak to determine Au deposition thickness
1 A/sec for 1-3004
2 A/sec for 301-500%
3 A/sec for 501-100(
4-5 Alsec 1001-xx0A
— Ti100A (1 A/sec)
e Metal liftoff — 1165 stripper, 80C, 2 hour
e Remove metal and place sample in fresh 1165 strippetC8@0 min

*

*

*

*

*

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

35. BCB passivation
e The ‘Blue Oven’ must be at room temperature @%r less before be-
ginning
— Otherwise, BCB will bubble during the cure and the sample will be
ruined

e NOTE: there must not be any stops in the steps from sample surface
preparation to loading the spun sample w/ BCB into the Blue oven

— Any delays will allow increased surface oxide to regenerate on the
semiconductor, increasing leakage currents

— Oxygen contaminates BCB and prolonged exposure will compro-
mise the cure and ruin the sample

e Prepare the ‘Blue Oven’ — runf\through chamber at 100%
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Prepare ozone reactor — run empty, 20 min

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 120C, 10 min

Cool wafer, 5 min

Surface preparation — oxidize wafer surface in ozone reactor, 10 min

Surface preparation — N}¥DH:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

Coat wafer with BCB 3022-35 — let sit on surface for 30 sec
Spin BCB 1.5 kRPM, 30 sec — BCB thicknessl.88um
Place sample into Al cup holder

— The holder should be deformed such that the sample is completely
level, yet has minimal contact with the bottom holder surface

— Otherwise, cured BCB that has crept onto the bottom surface may
prevent the sample from being removed from the holder

Place sample (in holder) into the ‘Blue Oven’

Reduce N flow to 60% after 3 min

Load and run Program 5 (confirm in case it has been altered)
Program sequence:

(@) 5 min ramp to 50C, 5 min soak

(b) 15 min ramp to 100C, 15 min soak

(¢) 15 minramp to 150C, 15 min soak

(d) 60 min ramp to 250C, 60 min soak

(e) Natural cool down

(H) Oven off

Remove sample and inspect under the microscope

Turn off the ‘Blue Oven’

36. Wafer planarization and interconnect surface preparation

Clean carrier wafer in Panasonic ICP — @B, 50:200 sccm, 7 min

(a) Load sample on carrier wafer, BCB ICP etch,(» 50:200 sccm,
2 min

(b) Inspect sample in FEI SEM to see if the device contacts and inter-
connect posts are exposed
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Figure B.1: BCB etch rate for the given @B, recipe

e Repeat the above etch (1 minincrements) and inspection until all contact
and posts are exposed

— Be sure to run the wafer clean program in between each etch cycle

e Repeat the BCB passivation step for further sample planarization
e Clean carrier wafer in Panasonic ICP —@®, 50:200 sccm, 7 min

(a) Load sample on carrier wafer, BCB ICP etch,(» 50:200 sccm,
3 min 30 sec

(b) Inspect sample in FEI SEM to see if the device contacts and inter-
connect post are exposed

e Repeat the above etch (1 minincrements) and inspection until all contact
and posts are exposed

— Be sure to run the wafer clean program in between each etch cycle
e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
e Dehydration bake 120C, 10 min
e Cool wafer, 5 min
e Prepare ozone reactor — run empty, 20 min
e Surface preparation — oxidize wafer surface in ozone reactor, 10 min
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Surface preparation — N}¥DH:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

Deposit 100 nm SiNon the BCB surface by PECVD
Photoresist spin — SPR-510, 4 kRPM, 30 sec
Pre-exposure PR bake — 90, 60 sec

Shoot ‘contact via’ pattern in stepper, 2.0 sec
Post-exposure PR bake — 110, 60 sec
Development — MF-701 developer, 90 sec

Rinse wafer — DI water for 2 min, Ndry

Inspect wafer using optical microscope

Clean carrier wafer in Panasonic ICP — @8, 50:200 sccm, 7 min
Load sample on carrier wafer for ICP etching

(a) SIN, ICP etch Ck 125 sccm, 90 sec

(b) Short BCB ashing CFO, 50:200 sccm, 10 sec

Inspect sample in FEI SEM to see if the device contacts and interconnect
posts are exposed

Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develop exposed PR — MF-701, 2 min

(c) Strip remaining PR in acetone — 3 min

(d) Inspect —if PR remaining, use 1165 stripper,"80 3 min
(e) Gently agitate sample surface with small pipet

Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

37. Metal-1 interconnect lithography

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 120C, 10 min

Photoresist spin — nLOF 2020, 4 kKRPM, 30 sec

Pre-exposure PR bake — 1, 60 sec

Shoot ‘Metal 1’ pattern in stepper — 0.46 sec

Post-exposure PR bake — T4 60 sec
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e Development — MF-701 developer, 2 min
e Rinse wafer — DI water for 2 min, Ndry
e Inspect wafer using optical microscope

38. Metal-1 interconnect deposition

e Prepare ozone reactor — run empty, 20 min
e Surface preparation — clean wafer surface in ozone reactor, 5 min
e \ent E-beam 4, load private sources — Ti and Au

e Surface preparation — N#H:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

e Load sample in E-beam 4 — orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

e Allow system to pump-down for 90 min te 10-¢ torr
e Deposit Metal-1 interconnect
— Ti100A (1 A/sec)
— Au 10 kKA
« 2 Alsec for 1-300A
« 3 Alsec for 301-5008
« 4 Alsec for 501-100G
« 5-6 A/sec 1001-10008\
— Ti100A (1 A/sec)
e Metal liftoff — AZ 300T stripper, 80°C, 20 min

e Remove metal and place sample in fresh AZ 300T stripper,GB(20
min

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

39. Measure devices and TLMs
e If device performance and TLMs are well behaved, continue
40. SiN MIM capacitor formation

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
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Dehydration bake 120C, 10 min

Cool wafer, 5 min

Prepare ozone reactor — run empty, 20 min

Surface preparation — oxidize wafer surface in ozone reactor, 10 min

Surface preparation — N}¥DH:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

Deposit 400 nm SilN onto the sample by PECVD

Photoresist spin — SPR-510, 4 kRPM, 30 sec

Pre-exposure PR bake — 90, 60 sec

Shoot ‘SiN cap’ pattern in stepper, 2.0 sec

Post-exposure PR bake — 110, 60 sec

Development — MF-701 developer, 90 sec

Rinse wafer — DI water for 2 min, Ndry

Inspect wafer using optical microscope

Clean carrier wafer in Panasonic ICP —{®B, 200:40 sccm, 7 min
Load sample on carrier wafer for ICP etching

(a) SIN, ICP etch Ck 125 sccm, 3 min

(b) Short ashing CHO, 50:200 sccm, 15 sec

Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develop exposed PR — MF-701, 2 min

(c) Strip remaining PR in acetone — 3 min

(d) Inspect —if PR remaining, use 1165 stripper,"80 3 min
(e) Gently agitate sample surface with small pipet

Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

41. Metal-2 interconnect lithography

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 120C, 10 min

Photoresist spin — nLOF 2020, 3 kRPM, 30 sec

Pre-exposure PR bake — 1], 60 sec
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Shoot ‘Metal 2’ pattern in stepper — 0.46 sec

Post-exposure PR bake — T4 60 sec

Development — MF-701 developer, 2 min

Rinse wafer — DI water for 2 min, Ndry

Inspect wafer using optical microscope
42. Metal-2 interconnect deposition

e Prepare ozone reactor — run empty, 20 min
e Surface preparation — clean wafer surface in ozone reactor, 5 min
e \ent E-beam 4, load private sources — Ti and Au

e Surface preparation — N#H:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

e Load sample in E-beam 4 — orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

e Allow system to pump-down for 90 min tet 10-¢ torr
e Deposit Metal-2 interconnect
— Ti 100A (1 A/sec)
— Au 10 KA
« 2 Alsec for 1-300A
« 3 Alsec for 301-500%
« 4 Alsec for 501-100GR
« 5-6 A/sec 1001-10008
— Ti 100A (1 A/sec)
e Metal liftoff — 1165 stripper, 80C, 2 hour
e Remove metal and place sample in fresh 1165 strippetC8@0 min

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

43. Metal-2 to Metal-3 interconnect post lithography — 1

e Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
e Dehydration bake — 128C, 10 min
e Photoresist spin — SPR 518, 3 kRPM, 30 sec
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Pre-exposure PR bake — 90, 60 sec

CEM coat and spin

— Coat wafer w/ CEM and let sit for 60 sec
— Then spin 4 kRPM, 30 sec

Shoot ‘M2 - M3 post’ pattern in stepper — 2.8 sec

Post-exposure PR bake — 110, 60 sec

Development — MF-701 developer, 2 min 30 sec

Rinse wafer — DI water for 2 min, Ndry

Inspect wafer using optical microscope
44. Metal-2 to Metal-3 interconnect post deposition — 1

e Prepare ozone reactor — run empty, 20 min
e Surface preparation — clean wafer surface in ozone reactor, 5 min
e \ent E-beam 4, load private sources — Ti and Au

e Surface preparation — N#H:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

e Load sample in E-beam 4 — orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

e Allow system to pump-down for 90 min te 107° torr
e Deposit M2-M3 post contact
— Ti100A (1 A/sec)
— Au 13 KA
« 2 Alsec for 1-300A
« 3 Alsec for 301-5008
« 4 Alsec for 501-1006
« 5-6 A/sec 1001-13008\
— Ti 100A (1 A/sec)
e Metal liftoff — 1165 stripper, 80C, 30 min
e Remove metal and place sample in fresh 1165 strippetC8Q0 min

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean
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45. Thin-film BCB microstrip wiring envirnment — layer 1

The ‘Blue Oven’ must be at room temperature @5or less before be-
ginning
— Otherwise, BCB will bubble during the cure and the sample will be
ruined

NOTE: there must not be any stops in the steps from sample surface
preparation to loading the spun sample w/ BCB into the Blue oven

— Any delays will allow increased surface oxide to regenerate on the
surface, increasing leakage currents

— Oxygen contaminates BCB and prolonged exposure will compro-
mise the cure and ruin the sample

Prepare the ‘Blue Oven’ — runf\through chamber at 100%

Prepare ozone reactor — run empty, 20 min

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 128C, 10 min

Cool wafer, 5 min

Surface preparation — clean wafer surface in ozone reactor, 10 min

Surface preparation — N}¥DH:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

Coat wafer with BCB 3022-35 — let sit on surface for 30 sec
Spin BCB 1.5 kRPM, 30 sec — BCB thicknessl.88um
Place sample into Al cup holder

— The holder should be deformed such that the sample is completely
level, yet has minimal contact with the bottom holder surface

— Otherwise, cured BCB that has crept onto the bottom surface may
prevent the sample from being removed from the holder

Place sample (in holder) into the ‘Blue Oven’

Reduce N flow to 60% after 3 min

Load and run Program 5 (see passivation step)

Remove sample and inspect under the microscope

Turn off the ‘Blue Oven’

Clean carrier wafer in Panasonic ICP — @8, 50:200 sccm, 7 min
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(a) Load sample on carrier wafer, BCB ICP etch,{» 50:200 sccm,
90 sec

(b) Inspect sample in FEI SEM to see if the interconnect posts are ex-
posed

Repeat the above etch (45 sec increments) and inspection until all contact
and posts are exposed

— Be sure to run the wafer clean program in between each etch cycle

46. Metal-2 to Metal-3 interconnect post lithography — 2

Repeat this step

47. Metal-2 to Metal-3 interconnect post deposition — 2

Repeat this step

48. Thin-film BCB microstrip wiring envirnment — layer 2

Repeat this step

49. Metal-3 adhession layer

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake 120C, 10 min

Cool wafer, 5 min

Prepare ozone reactor — run empty, 20 min

Surface preparation — clean wafer surface in ozone reactor, 10 min

Surface preparation — N}¥DH:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

Deposit 100 nm SiNon the BCB surface by PECVD
Photoresist spin — SPR-510, 4 kRPM, 30 sec
Pre-exposure PR bake — 90, 60 sec

Shoot ‘Metal-3 via’ pattern in stepper, 2.0 sec
Post-exposure PR bake — 110, 60 sec
Development — MF-701 developer, 90 sec

Rinse wafer — DI water for 2 min, Ndry

Inspect wafer using optical microscope
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Clean carrier wafer in Panasonic ICP — {8, 50:200 sccm, 7 min
Load sample on carrier wafer for ICP etching

(a) SIN, ICP etch Ck 125 sccm, 90 sec

(b) Short BCB ashing CFO, 50:200 sccm, 10 sec

Inspect sample in FEI SEM to see if the interconnect posts are exposed
Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develop exposed PR — MF-701, 2 min

(c) Strip remaining PR in acetone — 3 min

(d) Inspect —if PR remaining, use 1165 stripper,"80 3 min

(e) Gently agitate sample surface with small pipet

Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

50. Metal-3 interconnect and ground plane lithography

Solvent clean — 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
Dehydration bake — 120C, 10 min

Photoresist spin — nLOF 2020, 3 kRPM, 30 sec

Pre-exposure PR bake — 1, 60 sec

Shoot ‘Metal 3’ pattern in stepper — 0.47 sec

Post-exposure PR bake — T4 60 sec

Development — MF-701 developer, 2 min

Rinse wafer — DI water for 2 min, Ndry

Inspect wafer using optical microscope

51. Metal-3 interconnect and ground plane deposition

Prepare ozone reactor — run empty, 20 min
Surface preparation — clean wafer surface in ozone reactor, 5 min
Vent E-beam 4, load private sources — Ti and Au

Surface preparation — N}¥DH:DI water 1:10 dip 10 sec, Ndry, NO
WATER RINSE

Load sample in E-beam 4 — orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4
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e Allow system to pump-down for 90 min tet 10-° torr
e Deposit Metal-3 (ground plane)
— Ti 100A (1 A/sec)
— Au 15 KA
« 2 Alsec for 1-3008
« 3 Alsec for 301-5008
4 Alsec for 501-100G
5-6 A/sec 1001-15008
— Ti100A (1 A/sec)
e Metal liftoff — 1165 stripper, 80C, 2 hour
e Remove metal and place sample in fresh 1165 strippetC8@0 min

*

*

— Gently agitate sample surface with small pipet

— Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean
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